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ABSTRACT 
Outgassing is a lightning direct effect that may occur at structural joints in the fuel 
laden volume of an aircraft. If uncontrolled, the event is extremely hazardous due to 
its potential to cause fuel vapour ignition.  
The aerospace industry has been aware of the threat for many years and lightning 
strike protection is well established. However, there is a lack of understanding 
particularly concerning the fundamental mechanisms for the creation of the event. 
Modern aircraft designs that utilise materials such as carbon fibre reinforced plastic 
(CFRP), are more dependent on manufacturing process control. Knowledge of the 
fundamental mechanisms responsible for outgassing can enable relaxation of 
specifications concerning manufacturing variables that exist, specifically, for the 
lightning protection of CFRP structures.   
Evidence from previous studies has revealed the significance of parameters relating 
to the interface between the fastener and the surrounding structure. However, the 
electrical parameter that drives the creation of the phenomenon remains unclear.  
The principle aim of this thesis was to determine a single measurable electrical 
parameter related to outgassing intensity in CFRP structures which can be used as a 
performance metric for the optimisation of lightning strike protection.  
Following the execution of three controlled experiments, it was found that outgassing 
intensity is a direct consequence of the magnitude of electrical energy absorbed, 
specifically, at the interface between the fastener shank and the surrounding CFRP 
structure.  
Characterisation techniques for robust voltage measurement and the distribution of 
current to the critical interface were developed to deduce the magnitude of energy 
absorption. 
This critical parameter can be now used as a control parameter in future aircraft 
development for the optimisation of lightning strike protection.     
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NOMENCLATURE 
CFC Carbon fibre composite 
CFRP Carbon fibre reinforced plastic 
CPT Cured ply thickness 
CSJ Composite structural joint 
CSK Countersink 
GFRP Glass fibre reinforced plastic 
HF High frequency 
ICT Interference compensation voltage measurement technique 
LDE Lightning direct effects 
LSP Lightning strike protection 
MBLL Morgan-Botti Lightning Laboratory (Cardiff University) 
OVT Optimised voltage measurement technique 
PCB Printed circuit board 
SEM Scanning electron microscope 
STP Screened twisted pair voltage measurement technique 
  
𝑎 Radius of a circular a-spot (contacting asperity) 
𝐴𝐴 Apparent contact area between two contacting components 
𝐴𝐶 True contact area 
𝐴𝑓 Cross-sectional area of a single carbon fibre 
𝐴𝐼 Action integral 
𝐴𝑇 Total surface area 
𝑐 Specific heat capacity 
𝐶 Capacitance 
𝑑 Hole diameter 
𝑑𝑐𝑜𝑛𝑡 Thickness of a contaminant on the surface of a contacting 
component 
𝐸𝐶 Energy absorbed by the contact resistances 
𝐸𝐶,𝐴𝐼 Approximation of the energy absorbed by the contacts, 
calculated by: 𝑅𝐶(𝑡𝐼𝑃) ⋅ 𝐴𝐼 
?̂?𝐶,𝐴𝐼𝑠ℎ𝑎𝑛𝑘 Approximation of the energy absorbed by the shank contact, 
calculated by ?̂?𝐶𝐹𝑅𝑃,𝑠ℎ𝑎𝑛𝑘 multiplied by the action integral 
distributed to the shank region 
?̂?𝐶,𝑡 Energy absorbed by the contacts as a function of ?̂?𝐶 
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?̂?𝐶,𝑡𝑠ℎ𝑎𝑛𝑘 Energy absorbed by the shank contact as a function of ?̂?𝐶𝑠ℎ𝑎𝑛𝑘 
𝐸𝐶𝐹𝑅𝑃 Energy absorbed by the CFRP material 
𝐸𝑇 Total energy absorbed by the test sample 
𝐹 Force 
ℎ Hole depth 
𝐻 Hardness 
ℎ𝑆 Depth of the shank that appears to be in contact with CFRP 
𝐼  Current 
𝐼𝐶𝑆𝐾 Current measured in the countersink region 
𝐼𝑃 Nominal peak current 
𝐼𝑆ℎ𝑎𝑛𝑘 Current measured in the shank region 
𝐽𝑆 Apparent current density at the fastener surface (calculated 
using apparent contact area) 
𝑘𝑒 Resistance-force constant that is a function of the electrode 
material hardness and resistivity 
𝑙 Length  
𝐿 Inductance 
𝑚 Mass 
𝑀 Mutual inductance 
𝑛 Number of a-spots within a cluster 
𝑁 Total number of fibres in a CFRP laminate 
𝑛𝑓 Number of fibres in electrical contact 
𝑛𝑡ℎ Number of through fibres (fibres in contact with both 
electrodes) 
𝑃𝑓 Plating factor related to a conducting thin film 
𝑅 Series/path resistance through the bulk material 
𝑅𝑎 Average surface roughness 
𝑅𝐶 Contact resistance 
?̂?𝐶 Contact resistance determined by subtracting an estimate of 
the CFRP resistance from 𝑅𝑇 
?̂?𝐶𝑠ℎ𝑎𝑛𝑘 Contact resistance between the fastener shank and the CFRP, 
determined using ?̂?𝐶𝐹𝑅𝑃,𝑠ℎ𝑎𝑛𝑘 
𝑅𝐶(𝑡𝐼𝑃) Contact resistance at the time of peak current 
𝑅𝐶𝐹𝑅𝑃 Bulk CFRP resistance 
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?̂?𝐶𝐹𝑅𝑃,𝑠ℎ𝑎𝑛𝑘 Estimated CFRP resistance that carries current from the 
fastener shank 
𝑅𝐶𝑟 Constriction resistance 
𝑅𝑓 Resistance of a single carbon fibre 
𝑅𝑇 Total resistance (CFRP resistance + contact resistance) 
𝑡 Thickness 
𝑇 Bulk temperature of a conductor 
𝑇𝑚 Maximum temperature of an electrical contact 
𝑡𝑚𝑎𝑥 Maximum acquisition time of the measurement 
(𝑇𝑚 − 𝑇1) Contact super-temperature 
𝑈𝑎𝑟𝑐 Voltage drop across an arc 
𝑉 Voltage 
𝑉𝐶 Contact voltage (voltage drop across the contact resistance) 
?̂?𝐶 Contact voltage determined by subtracting from the measured 
voltage, the voltage drop across an estimate of the CFRP 
resistance; i.e. ?̂?𝐶(𝑡) = ?̂?𝐶(𝑡)𝐼(𝑡)  
𝑉𝑚 Voltage measurement in ICT method 
𝑉𝑀 Measured voltage from fastener to current return connection 
𝑉𝑛 Voltage pick-up loop measurement in ICT method 
𝑤 Width 
  
𝛼 Cluster radius or Holm radius 
𝜆 Thermal conductivity 
𝜌 Electrical resistivity 
𝜌𝑐𝑜𝑛𝑡 Resistivity of a contaminant on the surface of a contacting 
component 
𝜎𝑓 Electrical conductivity of a carbon fibre 
𝜙𝑆 Fastener shank diameter 
𝜑𝑖𝑛 Inner diameter of two concentric circles 
𝜑𝑜𝑢𝑡 Outer diameter of two concentric circles 
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1 Introduction 
1.1 Background 
The aerospace industry has been protecting aircraft from the effects of lightning for 
many years. Lightning strikes to commercial aircraft are common. It can be expected 
that a commercial aircraft will be subjected to a lightning strike between each 1000 
and 10,000 hours of flight [1]. Despite such a high frequency of strikes, major 
incidents that are a direct consequence of a lightning strike are rare. This is likely to 
be associated with increased understanding of the topic coupled with the stringent 
certification requirements that are adopted by aircraft manufacturers.  
Aircraft lightning protection considers lightning zoning, lightning direct effects and 
lightning indirect effects.  
Lightning zoning involves categorizing the surfaces of the aircraft into specific zones 
that are defined by SAE ARP 5414 [2] and EUROCAE ED-91 [3].  According to these 
documents, the purpose of zoning is to determine the surfaces of the aircraft that are 
likely to experience attachment and the structures that may experience current 
conduction. Zoning is often the earliest step in the design of lightning strike protection. 
To protect a specific component, it is necessary to identify its zone location because 
the lightning currents to be expected in each zone are different.  
Lightning direct effects are the direct physical consequences to the aircraft structure 
during a strike. These consequences are thought of as damage that can take the form 
of melting metal, delamination of composite material, puncture of thin panels, or 
hazardous spark events.  
Lightning indirect effects are related to currents induced on cabling or electromagnetic 
field coupling into systems equipment that disrupts or destroys their intended mode 
of operation.  
For all metallic aircraft, i.e. those where most of the primary structure is composed of 
metallic parts, aircraft manufacturers now have considerable experience of lightning 
protection principles. Evolution in the industry has led to the replacement of many 
metallic aspects of the structure with carbon fibre reinforced plastic (CFRP). The 
electrical conductivity of CFRP is significantly less than metals such as aluminium. 
This has led to more complicated lightning strike protection problems and some 
traditional design rules becoming inadequate. 
Gagné and Therriault [4] published a review of lightning strike protection of composite 
materials. Their work is a broad introduction to lightning strike protection of aircraft 
made from CFRP primary structure. It includes current methods of protecting CFRP 
material from a direct attachment. This involves introducing a metallic surface layer. 
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The surface layer can carry most of the lightning current leading to a reduction in 
structural damage. The work also considers other novel protection methods such as 
the use of metal sprays, polymers with conductive additives and metal coated fibres.    
In addition to protecting the surface of the aircraft from damage, manufacturers are 
presented with the challenge of preventing sparks from structural joints within the fuel 
laden volume of the aircraft. Sparks from such joints within the fuel tank are extremely 
hazardous due to their potential to cause fuel ignition. 
The topic of this thesis is related to such a lightning direct effect, which is referred to 
as outgassing or pressure sparking in literature.  
Outgassing can be a threat from joints in all metallic structures or composite 
structures that typically employ structural elements composed of CFRP. These joints 
shall be called composite structural joints (CSJ)1. Figure 1-1 is a simplified schematic 
diagram of a CSJ. It shows a metallic fastener that is used to join two components of 
the primary structure. The metallic fastener penetrates through the wing skin and into 
the fuel tank volume. The head of the fastener is separated from the external 
environment only by the external paint scheme, and the opposite side of the fastener 
is situated inside the fuel tank.  
 
Figure 1-1: Schematic diagram of a composite structural joint (CSJ) 
Aerospace requirements and guidelines to prevent hazards associated with ignition 
sources are provided by the Federal Aviation Administration, Code of Federal 
Regulations (Part 25) and other equivalent national standards. They are particularly 
included in CFR 25.581: Lightning protection [5], CFR 25.954: Fuel system lightning 
protection [6], CFR 25.981: Fuel tank ignition prevention [7] and AC 25.981-1C: Fuel 
tank ignition prevention guidelines [8].  
The requirements make it necessary to develop protection solutions that are tolerant 
to failure, ageing and maintenance errors. For airframe manufacturers to achieve this, 
there is a need to understand how the protection solutions work and to identify relevant 
failure cases with their associated criticality. 
                                               
1 CSJ is defined here as an interface between two structural components where at least one 
of those components is a carbon fibre composite material. For example, this may be a 
fastened joint between a CFRP wing skin and a CFRP spar. 
Fuel tank 
sealant 
Metallic 
Bolt 
Rib or spar 
CFRP wing  
skin (Cover) 
Nut 
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This is particularly challenging for a CSJ when compared to all metallic joints because 
composite materials are more dependent on manufacturing process control. A CSJ 
suffers from a significant range of manufacturing variables such as drill breakout, 
surface flatness and surface finish that can influence the associated sparking regimes 
[9]. Protection is usually achieved by several complementary features to make the 
design fail safe. 
Although there have been many references to outgassing in the literature [10]–[12], 
few have attempted to provide understanding of the fundamental mechanisms that 
drive the phenomenon [13], [14], and there has been no attempt to completely capture 
how variations in particular design parameters relate to the outgassing threat. For 
instance, the rough guideline limit of 5 kA per fastener [15] is true for certain joint 
designs whereas it is incredibly conservative for others. There is evidence that 
utilising particular fastener technologies [16] can increase the current threshold for 
the occurrence of outgassing due to the effectiveness of the fastener-to-structure 
contact that these provide. However, there are many other factors of the joint design 
that also affect this threshold.  
1.2 Direction of research and objectives 
Physical tests are expensive and time consuming in an aircraft development 
programme. Due to the multiple configurations and locations of CSJs, test 
programmes are simplified by identifying and capturing a worst-case that envelopes 
all situations. Although this process is very successful at achieving a fail-safe design, 
there are opportunities for optimisation in terms of implementation costs to the 
manufacturer and weight saving to reduce operational costs for the airline.  
The identification of the worst-case for a CSJ is complicated due to the large 
manufacturing variability that was mentioned previously. 
As will become apparent through the review of the outgassing phenomenon in this 
work, the implications on the occurrence of outgassing from several design variations 
of a CSJ are not yet fully understood. Accounting for such variations in certain 
parameters during development may not be necessary, which can lead to an over 
conservative lightning protection scheme.  
The lack of physical understanding has further implications to the development 
programme. A design change during the evolution of a development programme can 
result in a parameter being changed to a situation that is not enveloped by the worst-
case. The implication is a significant cost and time expense because of the necessity 
for further evaluations. 
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Therefore, there is a need to increase understanding of the fundamental design 
parameters and electrical performance properties that influence outgassing. 
Relationships between the physical mechanisms of outgassing and certain design 
parameters will lead to efficiencies in both the protection technologies and the entire 
development process by reducing the necessity to rely on expensive and time-
consuming physical evaluations. 
1.2.1 Aim 
To enhance the understanding of outgassing phenomenon in carbon composite 
structures by: 
 Determining the fundamental electrical parameter associated with its occurrence 
so that it can be used as a performance criterion during the design of lightning 
strike protection  
1.2.2 Objectives 
To achieve the aim of the study, the following objectives have been identified: 
i Complete an extensive literature review of the current understanding of 
outgassing, including its mechanisms and relationships to particular joint designs 
ii Develop and implement specific test techniques to enable quantitative analysis of 
outgassing and the electrical mechanisms that drive it 
iii Identify relationships between outgassing intensity and attributes of joint design 
parameters 
iv Characterise the electrical conditions that directly influence the mechanisms for 
outgassing generation and find the fundamental driving parameter 
v Show how the driving parameter can be manipulated during a design to control 
the generation of outgassing 
1.2.3 Contribution of thesis 
This thesis makes significant contributions to the field of lightning strike protection of 
aircraft structures, summarised by the following: 
 The development and utilisation of a characterisation technique to determine the 
distribution of current between the countersink and shank regions of a fastened 
joint during a lightning strike test. This enables evaluation of the magnitude of 
current distributed to the critical fastener-structure interface. 
 The development of a robust technique to measure the voltage between a struck 
test fastener and the surrounding current return system in a lightning direct effects 
test environment. This technique combined with the current measurement 
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technique enables the evaluation of the time dependent resistance at the critical 
fastener-structure interface. 
 Confirmation of the criticality of the shank-to-CFRP interface found by previous 
work by observing that outgassing intensity is related to the magnitude of lightning 
current, the fit of the fastener situated within the joint and the diameter of the 
fastener. 
 Determining that the parameter responsible for the creation and intensity of 
outgassing in tests that use scaled D-component waveforms is the energy 
absorbed by the shank-to-CFRP contact.  
 Accurately determining the energy absorbed by contact relies on the complete 
time dependency of the contact resistance, however, it was shown that a 
reasonable approximation can be obtained by multiplying the contact resistance 
at the time of peak current by the action integral exchanged at the interface.  
1.3 Organisation of thesis 
Chapter 1 is an introduction to the study and is intended to provide background so 
that the specifics of the study can be placed into wider context of the field of aircraft 
lightning protection. It also provides the overall aim of the work and the reasons for 
why achieving this aim will enhance the development of lightning protection solutions 
in future aircraft programmes. Finally, it includes the specific objectives to meet the 
overall aim. 
Chapter 2 first describes the meaning of outgassing used by designers of lightning 
strike protection in the aircraft industry. There is then a comprehensive review of the 
existing knowledge of the outgassing phenomenon. The review indicated that the 
fastener-to-structure interface of the CSJ design appears to be more critical than 
other design parameters and therefore, the chapter ends by reviewing literature that 
can provide insight into why this interface appears to be crucial to outgassing 
generation. 
Specific lightning direct effect (LDE) measurement techniques were developed to 
meet the objectives of the work. Chapter 3 provides details of a robust voltage 
measurement technique for use in an LDE test environment that was used during the 
experimental evaluations. Chapter 6 provides details of a measurement technique 
developed to characterise the distribution of lightning current to multiple current paths 
exiting a test fastener.  
Three chapters are dedicated to bespoke LDE experiments. Chapter 4 is an 
investigation of the influence of the fastener shank-to-structure interface, showing 
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how its design and the magnitude of current crossing this interface influence 
outgassing. Chapter 5 is an evaluation to determine the electrical parameter that is 
responsible for the creation of outgassing products. From this evaluation, the driving 
parameter is determined for use in the development of lightning strike protection. 
Chapter 7 is an evaluation of the distribution of current between the countersink and 
shank paths in a CSJ. This evaluation is necessary because it demonstrates that in 
a representative joint, only a portion of the total applied current of a struck fastener is 
distributed to the critical location for outgassing generation. Therefore, a design can 
be manipulated by selecting surface parameters that can distribute current away from 
this location.  
Chapter 8 provides general conclusions to the thesis and suggestions for future work 
regarding this topic. 
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2 A review of the understanding of ‘outgassing’ 
phenomenon caused by lightning strikes at aircraft fuel 
tank structural joints 
2.1 Introduction 
This chapter provides the basis for the beginning of this study by establishing the 
current knowledge of outgassing through a review of published material. It includes 
detail of what is known about the physics of the phenomenon. 
The chapter is split into three sections: 
 Section 2.2 describes the lightning direct effect that the aerospace industry group 
under the term ‘outgassing’.   
 Section 2.3 reviews the outgassing phenomenon via an investigation of previous 
work in the area. The section concisely gathers the information to recognise the 
state-of-the-art of physical understanding and analyses areas where further 
understanding is required to put the contribution of this thesis into perspective. 
 Section 2.4 is a detailed examination of the literature to investigate the physical 
reasons for the critical influence of the fastener-to-structure interface. 
Further background of the field of lightning direct effects to wing structure is provided 
in Appendix A, positioning outgassing in relation to other direct effects that must be 
protected against.   
2.2 A description of what is classed as the ‘outgassing’ phenomenon 
in the aerospace industry 
There are two potential scenarios for the conduction of lightning current through 
structural aircraft fuel tank joints. Metallic fasteners penetrating through the wing skin 
are isolated from the external environment only by means of the external paint 
scheme applied to the wing box cover.  
1. Scenario A – direct attachment: there is the opportunity, especially if fasteners 
are in Zone 2A (ref. Appendix A.1), for a secondary strike attachment to occur 
directly to the bolt head. Following such an attachment, the lightning current must 
travel to its exit location from the aircraft via transfer across the contact interface 
between the bolt and the surrounding structure. The path is depicted in Figure 
2-1. 
2. Scenario B – conducted current: a fastener could form part of the current path 
between an attachment location some distance away, e.g. a distant fastener, and 
the exit location (Figure 2-2). In this situation current also exchanges between the 
structure and the fastener and/or vice versa. 
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Figure 2-1: Current paths from a direct fastener attachment (current flow shown by 
red arrows) 
 
Figure 2-2: Conducted current scenario (current flow shown by red arrows) 
The magnitude of current in Scenario B is likely to be much less than in Scenario A 
because the current from the entry point would have distributed about an area of the 
structure prior to entering the fastener and before converging again at the exit 
location. Therefore, Scenario A is the worst-case situation in terms of fastener current 
density but both situations can produce outgassing.   
The fuel systems test methods in the lightning test standards [17], [18] include test 
methods for both direct attachment and conducted current, specifically noting 
structural joints as a fuel tank test object. An objective in these test standards is 
demonstration that an ignition source from “arcs and thermal sparks” does not exist. 
The standards define this ignition source to be: “An arc is an electrical plasma within 
the fuel vapour space, which may be accompanied by burning particles (thermal 
sparks) that are ejected from interfaces…”   
Although such terminology is not used in the aerospace test standards, the ignition 
source that is referenced is what is commonly referred to as outgassing or pressure 
sparking within the industry. A photograph of an outgassing event taken during an 
LDE test is shown in Figure 2-3. The photograph was taken at the Morgan-Botti 
Lightning Laboratory (MBLL) using a digital camera following a direct attachment. The 
camera was set to a long duration exposure so that the full time elapsed event was 
recorded. The photograph was taken within the PROTEST2 project. 
                                               
2 The PROTEST project was a larger collaborative research project that the work in this PhD 
project supported [19] 
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 Figure 2-3: Open shutter photograph of an intense outgassing event taken during an 
LDE test [19] 
The lightning current exchange between the test fastener and the surrounding 
structure has consequently resulted in the release of a hot plume of gas with 
accompanying hot/burning particles from within the structure of the joint. In an integral 
fuel tank such as a wing box, this release would be into the fuel vapour volume. It is 
this release of matter that is broadly termed outgassing.  
The processes that occur within the joint which lead to the ejection of matter from the 
base of the joint are not by themselves outgassing but mechanisms that drive the 
phenomenon. It’s an important distinction because protection against outgassing can 
be achieved solely by containment which does not prevent the driving mechanisms 
from occurring. Conversely, preventing the mechanisms from occurring enables 
protection without the specific need for containment. 
2.3 A critical evaluation of existing outgassing knowledge 
The key note address of the 1985 International Aerospace and Ground Conference 
on Lightning and Static Electricity [20] explained that the aerospace industry was 
experiencing deep technological changes that were mainly directed towards the use 
of composite material which are critical for flight. The transition meant that 
manufacturers lacked references and efforts were being concentrated on areas that 
were appearing during lightning direct and indirect effects studies. One of the three 
areas considered was the elimination of internal sparking capable of inducing an 
explosion in non-metallic fuel tanks. 
Although there is prior work regarding the sparking threat [21], Brick [22] presented 
at this conference work specifically concerning sparking from fasteners in integral 
composite fuel tanks. It is the earliest evidence that is directly related to the topic of 
this thesis. Therefore, it forms the basis of this review for the understanding that has 
been developed over the past 30 years. 
Hot gas 
plume 
Underside 
of test 
fastener 
Hot 
particle 
debris 
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Brick explained that the most critical situation is an attachment directly to the head of 
a fastener that is in the Zone 2A area of the fuel tank. Figure 2-4 depicts the situation 
showing an attachment to a cover-to-spar fastener. 
 
Figure 2-4: Schematic diagram shown in [22] describing the situation of lightning 
attachment to fasteners located in the skin surface of the Zone 2A integral tank area 
It was described that, in such a situation, very high current densities are developed 
at the fastener-to-structure interface. In an aluminium structure, high current transfer 
can occur with minimal heating due to the low electrical resistance at the interface. At 
the time of this conference, the composite structures being developed were referred 
to as graphite composite structures rather than carbon fibre reinforced plastic (CFRP) 
in use today. Nevertheless, the principles of the material are similar. The graphite 
composite structures referenced were Graphite AS-6 fibre pre-impregnated with 
epoxy 3501-6. The properties are like modern CFRP such that, unlike metals, 
laminates have heterogeneous properties and the electrical resistivity is orders of 
magnitude greater than aluminium. It was explained that the type of fastener 
installation that is normally able to carry the lightning current without spark generation 
fails in a composite structure due to the increase in resistance of more than 1000 
times at the fastener composite interface. Failure (sparking) was also attributed to the 
fact that the fasteners must be installed in a clearance fit in composites due to the 
potential of mechanically damaging the composite by installation in interference fit.  
Following tests that produced intense sparking from the underside of the fastener 
(under the fastener collar), inspection of removed fasteners revealed that arc plasma 
had been generated at the interface between the composite and the fastener 
countersink-shank area. The fastener was “pitted and blackened due to the arcing at 
the interface”.  
Failures were deemed to originate at the fastener-to-structure contact area. It was 
explained that countersink fasteners were used in baseline clearance fit 
configurations which meant that the countersink area exhibited very good electrical 
contact with the composite that was superior to the shank area due to the clearance 
fit. Using the area of countersink contact, it was calculated that the current density in 
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this area was 83 kA/cm2, assuming that it carried the peak 100 kA of the Zone 2A 
strike.  
The baseline fastener was then changed so that the countersink area was greater, 
2.53 cm2 as opposed to 1.21 cm2. This variation produced no sparking in a minimum 
dwell time test3. By the same calculation, the current density at the countersink area 
using the alternative fastener was 40 kA/cm2. A reference was made to the maximum 
current carrying capability of graphite laminates which was proposed to be 55 kA/cm2 
and the rationale was that the fastener technology that failed was because it 
exceeded this current carrying capability threshold.  
In addition to the fastener with a modified countersink area, a sleeved fastener was 
used to provide an interference fit equivalent. The sleeved fastener passed a 
maximum dwell time test. 
Several suggestions regarding the understanding of outgassing can be taken from 
this work: 
 The fastener-to-structure contact area is significant and plays an important role 
 The dwell time (length of the C-component) appears to be significant 
 The use of a metallic outer ply to disperse current away from the fastener is 
beneficial4 
This early work of Brick highlights the complexity of the electrical interface between 
fastener and structure for a simple countersink fastener. The role of the fastener-to-
structure contact along the fastener is the most significant discovery from the work 
but its importance doesn’t seem to be recognised. The suggestion that a reason for 
failure was that the current density threshold was exceeded at the countersink area 
can be challenged. An alternative explanation proposed by the author of this thesis, 
is that the increase in countersink contact area allows a greater proportion of current 
to leave the fastener via the extremely superior contact provided at the countersink 
interface. This reduces the electrical stress placed across the poor shank contact in 
the clearance fit fastener which in turn reduces the possibility of outgassing.  
The role of the sleeved fastener can then be further explained. The interference 
improves the contact at the shank meaning that the role of the countersink in reducing 
the electrical stress at the shank is less important. The influence of the contact is 
explored in the next section.  
                                               
3 There is also the suggestion that this failed a maximum dwell time test but it is not specifically 
stated. 
4 However, there is no data in the paper to reinforce the final point and it is only implied within 
the discussion.  
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2.3.1 The influence of the contact between the fastener shank and 
structure 
Morrill [10] specifically investigated the effect of the fastener installation fit on sparking 
in composite joints. The fit was defined as the difference between the hole diameter 
and the pin (fastener shank) diameter. Interference is when the hole diameter is 
smaller than the shank diameter, clearance is the opposite situation. 
Unlike Brick [22], Morrill [10] identified that all fastened joints regardless of the fit have 
an associated ‘junction resistance’, referring to the contact resistance between the 
fastener and the structure. It is recognised that this junction and its electrical 
resistance plays a role in the sparking phenomenon.  
The simplest form of the contact resistance expression for two similar clean 
contacting metal objects can be expressed as [23]: 
𝑅𝑐 = (
𝜌2𝜂𝜋𝐻
4𝐹
)
1
2
 (2-1) 
where 𝑅𝐶 is the contact resistance, 𝜌 is the resistivity of the two metals, 𝐻 is the 
hardness of the metals and 𝐹 is the contacting force.  
The contact resistance is a function of the applied contact force, so it can be assumed 
that the contact resistance between the fastener and the structure is a function of the 
interference level of the fastener. Clearance fit fasteners have a low contact force 
between the two parts, so it is expected that a clearance fit fastener shall have a 
greater contact resistance than an interference fit fastener. However, the expression 
in its simplest form is not sufficient to explain contributions from other elements within 
the joint. The surfaces are not clean, contaminant free surfaces and very often a thin 
film is applied to the surface of the fastener for corrosion reasons. Robb [24] explains 
that it is common to use aluminium flake anti-corrosion coatings on titanium fasteners 
that are non-conductive. The expression for two materials in contact that may include 
surface contaminants and conductive thin films is [23]: 
𝑅𝑐 =
𝜌1 + 𝜌2𝑃𝑓2
2
(
𝜂𝜋𝐻
4𝐹
)
1
2
+
𝜌𝑐𝑜𝑛𝑡𝑑𝑐𝑜𝑛𝑡𝐻
𝐹
 (2-2) 
where 𝜌1and 𝜌2 are the resistivities of the contacting materials, 𝑃𝑓2 is the plating factor 
related to the conducting thin film which is a ratio of the film resistivity to the bulk 
resistivity, 𝜌𝑐𝑜𝑛𝑡 is the resistivity of the contaminant material and 𝑑𝑐𝑜𝑛𝑡 is the thickness 
of the contaminant.  
This expression is unlikely to hold true for CFRP-to-metal contacts because there is 
the further complication that the CFRP electrical resistivity is anisotropic whereas the 
conventional expression was developed for a uniform current distribution from the 
contact location. The complex nature of the contact interface is discussed in detail in 
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section 2.4 but the conventional expression is referenced here to show that the 
contact resistance is influenced by the thin film applied to the surface of the fastener.  
Morrill [10] investigated both the type of fit, which is related to the contact force, and 
the type of fastener coating related to the plating factor. There was no effort to 
quantitatively relate the different fits and coatings tested to an expression for contact 
resistance such as that in equation (2-2). Instead, the contact resistance for each 
variant was measured and compared with a relationship with outgassing.  
The investigation showed that a higher peak lightning current was required to produce 
outgassing for interference fit fasteners as opposed to clearance fit fasteners. This 
was the case for all tests regardless of the fastener surface treatment. The results are 
shown in Figure 2-5. The author used a method to determine the 30th percentile spark 
probability over a batch of test samples for use as a discriminator for each type of test 
sample.  
 
Figure 2-5: 30th Percentile & 95% Confidence Band Spark Results from the 
investigation in [10] 
When inspecting Morrill’s data [10], a further observation can be extracted by 
comparing the interference and clearance fit results for each coating. The difference 
in the current threshold level between the two fits is smallest when no surface 
treatment is used. 
An interpretation of Morril’s [10] findings is as follows: 
 In a clearance fit, the contact between the surface of the fastener and the surface 
of the hole is more opportunistic than the interference case where the contact can 
occur across a greater proportion of the surface area. This means that conduction 
between the two surfaces in clearance fit can occur via two mechanisms – contact 
or arcing. In either of these cases, conduction occurs via a small surface area that 
“results in higher local current densities and a larger path resistance, both of which 
lead to increased Joule heating, resin pyrolization, and sparking” [10]. It is stated 
that pyrolysis of the resin and sealant causes pressure to build up as the 
temperature rises.  
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 When a surface treatment is used on the clearance fit case, the situation worsens. 
The author refers to the work of Robb [24] who found that when non-conductive 
coatings are used, the coating first has to electrically breakdown in localised areas 
in order to provide a small conduction area.  
 The reason for the larger difference between interference and clearance levels for 
some of the surface treatments was attributed to the fact that the treatment was 
degraded during installation of the interference fit cases which made it behave 
like a bare titanium fastener. This was confirmed by inspecting removed fasteners 
from untested samples.  
Fasteners from tested samples, where similar current levels had been injected, were 
removed and inspected for surface damage. Unfortunately, the author [10] does not 
correlate the surface damage with an outgassing threshold but, by observation of the 
photographs presented in the paper (Figure 2-6), a qualitative comparison can be 
made between the surface damage results and the sparking results. 
Greater surface damage was observed for the clearance fit fastener cases, and it was 
noted by Morrill [10] that the surface damage is also deeper in addition to covering a 
greater surface area. It is clear from all clearance fit photographs that current has 
taken a preference to localised areas around the shank surface. 
The phenolic based aluminium pigmented coating (Ph-AL) case is a non-conductive 
coating. All other surface treatments were conductive. A greater surface area of 
damage is visible for the interference fit case. However, the darker regions of the 
clearance fit case show regions of deep damage which confirms the earlier statement 
that the coating has electrically broken down at specific localised areas that are then 
subject to greater current density and hence, damage. 
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Figure 2-6: Images of fastener surface damage from fasteners tested at similar current 
levels (<12% difference) [10] 
The work suggests that: 
 Outgassing is dependent on the fastener fit 
 Fastener surface coatings influence outgassing and the role of the fastener fit 
 Outgassing is related to current carrying damage that is observed on the fastener 
surface 
The work, however, lacks strong reasoning for the generation of outgassing. It is 
implied that the damage is related to Joule heating which causes sparking and 
pressure increase but there is no strong rationale behind these statements. 
Mulazimoglu and Haylock [25] provided an explanation for the internal mechanisms 
that lead to outgassing. The work was particularly related to sleeved fasteners and 
their development as a protection technique against outgassing. They explained that, 
if a fastener is not in intimate contact with the internal surface of the hole, the 
instantaneous heat energy ionises the air in the gap and creates arc plasma that 
blows out in the form of a spark. In this explanation, they suggested like Morrill [10] 
that heat energy created by the Joule effect is an initiator for the internal mechanisms. 
It was explained that, although sleeved fasteners provide greater contact between 
Figure terminology 
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BARE No 
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treatment 
PH-AL Phenolic 
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the fastener and the hole surface, the micro texture of hole surfaces (fundamental to 
the machining process) means that micro voids exist at the interface. These micro 
voids mean that there are very small locations along the interface where the 
conductive carbon is not in intimate contact with the conductive fastener. Figure 2-7 
includes SEM micrographs extracted from [25] that show the micro voids at the 
fastener-to-structure interface.  
 
Figure 2-7: SEM micrographs showing micro voids (circled red) at the fastener-to-
structure interface (shank section – left, countersink section – right) [25] 
SEM micrographs of the outer surfaces of sleeved fasteners taken after lightning tests 
showed arc pits (small localised damage caused by the temperature of the arc root). 
The belief was that the arc pit locations correlate with the micro voids in the surface 
texture of the CFRP hole. It was stated that arcing takes place where the gap between 
the carbon fibres and sleeve surface is small and the potential difference is high 
enough to breakdown dielectric sealant used in the hole. This results in a series of 
electrical discharges and the heat from these discharges vaporises the sealant and 
atomises the metallic sleeve. The particles are then carried by the hot gases and 
arcing pressure.       
When considering the work of Morrill [10], Robb [24] and Mulazimoglu and Haylock 
[25], there is the suggestion of two possible initiation mechanisms that exist due to 
the characteristics of the interface. This is also summarised by Chemartin et al. [26] 
who explained that the real (electrical) contact area between the fastener and the hole 
surface may be small because of the surface roughness. The current density at the 
small contact locations may lead to explosions into the cavity that creates an 
overpressure but also the electric field in the small gaps may result in electrical 
breakdown.  
The work of Mulazimoglu and Haylock [25] and Chemartin et al. [26],  therefore, 
reinforces the possible reasons for outgassing initiation mechanisms: 
 High current density is experienced at small intimate contact points in the 
fastener-to-structure interface giving rise to excessive temperatures and 
explosion of the contact 
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 Small voids in the contact interface can electrically breakdown under high electric 
field and the heat from the discharges causes phase transitions resulting in debris 
that is carried by hot pressurised gas.   
However, the work still lacks data and explicit characterisation that confirms these 
hypotheses. For example, varying the surface roughness to increase the number of 
micro voids would increase the number of small arc discharges resulting in a greater 
likelihood of outgassing, which could be confirmed through controlled experiments. 
Mulazimoglu and Haylock [25] showed that there is arc damage on the surface of the 
fastener following a lightning strike test. Therefore, it can be said that the fastener-to-
structure interface is modified during the strike and this change is permanent. This is 
also reinforced by the fact that material is ejected from the interface in an outgassing 
event. For these reasons, the electrical properties of the interface must change due 
to the lightning strike. Chemartin et al. [26]  state that, “Measurements of the 
resistances of the fasteners before and after a shot indicate significant discrepancies, 
which may reach a factor of 100. It is, generally, believed that this changing is 
associated with melting or welding occurrences in the contact between the different 
materials” [26]. 
The contact resistance between the fastener and the structure can be used as an 
electrical metric that describes the condition of the interface. In simplistic terms, a 
large contact resistance means that the ratio of contacting fibres to non-contacting 
fibres is low. The description of Chemartin et al. [26] suggests that this ratio changes 
during the strike because the melting of material introduces more electrically 
contacting fibres into the conducting interface. This would then suggest that the 
electrical condition of the interface improves during the strike and, thus, there is a 
dynamic contact resistance. 
In another piece of work, Chemartin et al. [12] attempted to create a computational 
finite element model that can be used to predict outgassing. The same physical 
mechanisms proposed above for the creation of the event were considered; i.e. 
“intense energy spent in internal contacts or small internal voids, which create high 
pressure plasma…”    
No verification was performed between simulation and experiment. Instead, the 
authors have used assumptions based on other literature evidence of the processes 
involved in the outgassing generation and used simulation to characterise the 
processes. The hypothesis used was that small contacts and internal voids reinforce 
the current density at the interface which causes Joule heat. This heat causes a 
temperature elevation at the interface during the strike and under certain conditions 
the temperature exceeds the melting or boiling point of the materials. This changes 
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the contact interface causing a modification to the contact resistance. The rise of 
temperature also leads to a build-up of pressure within the joint.         
The work highlights the significance of the fastener-to-structure contact resistance 
and internal voids on the temperature rise within the interface. The finite element 
model used in the study is shown in Figure 2-8. The model included fastener-to-
structure contact resistances (5 mΩ) that were non-linear. When the Joule heat in the 
contact resistance caused a temperature rise beyond a pre-defined limit (the material 
boiling point), the contact resistance used in the model was set to decrease to a lower 
value. This limit was referred to as the fusing temperature.     
 
Figure 2-8: Picture of the finite element model used in [12]  
The authors state that the temperature rise in the assembly is caused by Joule 
heating and thermal fluxes due to contact resistances. In a simulation using a full D-
component lightning strike waveform, the fusing temperature (650°C5) at the contact 
interface was exceeded after 40 μs. The temperature rise was greatest where current 
density was reinforced. The authors noted that the presence of an internal void 
caused the current density to be reinforced by a factor of 1.4 resulting in the Joule 
heat increasing by a factor of 2. Finally, the Joule heat was said to be influenced by 
high contact resistance, presence of voids and the sub-structure conductivity. 
The change of fastener-to-structure contact resistance following current excitation 
has been observed elsewhere in literature. Rob [27] showed a non-linear bond 
resistance in fastened joints. The resistance across a joint was shown to decrease 
with increasing current. Figure 2-9 shows the voltage vs current relationship for a 
fastened joint with successive current excitations (blue points).  
                                               
5 The fusing temperature was defined to be the lowest melting temperature of the materials 
on both sides of the contact. In this case, it was the melting temperature of aluminium.  
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Figure 2-9: Plot of voltage vs current for a fastened joint. Blue points are repeat 
current excitations for a single joint. Red points are single tests to similar joints. [27] 
The curve shows that the resistance decreases with successive excitations of 
increasing current amplitude. The red points also show that the resistance is 
dependent on current even if no previous current excitations had taken place. 
Lepetit et al. [14] analysed the dynamic nature of the contact resistances within a 
joint. Experiments were conducted on a single fastened joint consisting of a CFRP 
skin and metallic substructure. The metallic substructure was electrically isolated from 
the fastener but the CFRP skin was in intimate contact due to the use of a countersink 
fastener. The experiment involved independent measurement of the skin and 
substructure currents allowing for evaluation of the difference in these currents during 
the strike. It was shown that the difference in current between the two paths varied 
during the strike.  
A measurement of the pre-strike and post-strike resistance showed that the skin 
resistance remained almost constant pre-strike, during strike and post-strike. This 
resistance was deduced to be the resistance of the material and the skin contact 
resistance was negligible in comparison. However, the same evaluation for the 
metallic sub-structure path revealed that the in-strike resistance reached a much 
lower value than the pre-strike resistance. The post-strike resistance was sometimes 
lower than the pre-strike resistance but sometimes returned to a high value. The pre-
strike resistance was much greater than the metal resistance and thus, there was a 
significant contribution from the fastener-to-structure contact resistance. This contact 
resistance decreased during the strike due to the presence of arc formation between 
the fastener and the structure. The arc extinguishes during the decay of current 
excitation, and it was explained that the post-strike resistance remains low when a 
melted metallic bridge formed between the fastener and the structure survives post-
strike solidification. Alternatively, the post-strike resistance can be large when this 
bridge does not survive and instead there remains material erosion at the interface. 
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The in-strike resistance did not correlate with either the pre- or post-strike resistance. 
However, the authors stated that this does not mean that the quality of the contact 
prior to a strike has no influence. Although there is a rapid change in the contact 
resistance which was said to be within a time of 1 μs, this corresponds with a 
significant change to the physical interface and this change is limited when the 
pre-strike contact resistance is small. The authors, therefore,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
suggest that there is a relationship between the pre-strike contact quality and the 
material changes that effectively lead to outgassing.  
Kostogorova-Beller et al. [28] conducted experiments on a number of lap joint test 
samples. Figure 2-10 shows schematic diagrams of the lap joints that were tested. 
Each test sample consisted of a series of three joints with each joint either single or 
quadruple fastened.  
 
Figure 2-10: Schematics of the single and quadruple fastened lap-joint samples tested 
in [28] 
The joints were tested by scaling an A/B/C* waveform sequence with a 1:20 target 
ratio from the nominal threat intensity. The peak current ranged between 0.4 to 6 kA. 
The experiment involved iteratively increasing the peak current amplitude until 
outgassing observation occurred. Pre- and post-test resistances were taken of each 
of the three joints. The voltage across each joint was measured during the strike so 
that the in-strike resistance was extracted by dividing the voltage by the current at the 
time of peak current. 
In a test to a Hi-Lok single fastened lap-joint, a defect was artificially incorporated into 
one of the three fasteners so that the joint had a significantly greater pre-strike contact 
resistance than the other two fasteners. The three pre-strike contact resistances were 
5.5, 220 and 3.7 mΩ. Table 2-1 is a reproduction of the table provided  in [28]. It gives 
the pre- and post-strike resistances of each fastener. It also provides the resistance 
extracted during the strike at the time of peak current (in-strike resistance) for five 
successive current excitations with increasing peak current. Figures in the table 
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labelled with asterisks indicate the occurrence of sparking detected on a camera; i.e. 
fastener 2 produced outgassing for peak current levels of 2.6 kA, 3.1 kA and 3.2 kA. 
Table 2-1: Reproduction of data from a single fastened, three joint test sample [28]  
 Fastener 1 Fastener 2 Fastener 3 
Pre-strike 
resistance (mΩ) 
5.5 220 3.7 
Peak current (kA) In-strike resistance (mΩ) 
0.8 3.1 2.8 2.1 
1.7 2.1 2.1 1.6 
2.6 1.8 2.0* 1.2 
3.1 1.7 2.6* 1.2 
3.2 1.4 2.4* 1.0 
Post-strike 
resistance (mΩ) 
18 16 0.6 
The table shows a decreasing in-strike resistance for both fastener 1 and fastener 3. 
Although the pre-strike resistance of fastener 2 is two orders of magnitude greater 
than the other two fasteners, the in-strike resistance appears to be of the same order 
of magnitude. The post-strike resistance of fastener 2 is significantly less than the 
pre-strike resistance and greater than the in-strike resistances. The in-strike 
resistance is always less than the measured pre-strike resistance for all three 
fasteners.  
The authors state that a low pre-strike resistance for fastener 1 and 3 are good 
indicators that an initial contact exists and current can flow without a large dissipation 
of energy into the contact. However, for fastener 2 the high pre-strike resistance 
means that ionisation and disruptive material phenomena must occur in order to 
establish a current path which takes place via the triggering of spark formation. They 
state that, “the developed energy in this spark is an indicator of the severity of the test 
which may lead to development of an uncontained spark”.  
Furthermore, the authors explain that at the two lowest current levels where 
outgassing was not produced from fastener 2, the voltage measurements revealed 
that the initial high resistance collapses very quickly but because of the low current 
level that is injected, the energy developed in the contact resistance is insufficient to 
create outgassing. However, at the higher currents, there were strong voltage 
variations that were strongly influenced by the current transferred and the energy 
deposited in the contact.  
Finally, there is a statement suggesting that the pre-strike contact resistance cannot 
be correlated to the voltage measurements because there is a rapid change following 
current excitation and physical change to the interface. However, the pre-strike 
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resistance is an indication of the degree of physical change to the interface that must 
occur for the current to flow, which makes outgassing at low current levels more likely.   
In summary, the work of  Chemartin et al. [12], [26], Robb [27], Lepetit et al. [14] and 
Kostogorova-Beller et al. [28] suggests that: 
 The fastener-to-structure contact interface changes during current excitation due 
to electrical discharge and material erosion. This change may be permanent. 
 The amount of physical change at the interface may be related to the condition of 
the contact interface before the strike. 
 It is possible that the amount of physical change is related to outgassing. 
 Although the pre-strike contact resistance has not been correlated to outgassing, 
it can provide an indication of the degree of physical change that is required for 
current exchange which then makes outgassing at low current levels more likely. 
2.3.2 The influence of current excitation conditions 
Robb [29] investigated the performance of using a conductive sealant as an 
intermediate layer between the fastener and the structure in clearance fit installations. 
The intention was to utilise the conductive properties of these sealants to improve the 
conductance of the interface that has previously been described as a far poorer 
contact than an interference fit installation. However, the work is most interesting 
because a sparking threshold was found based on the level of current injected into 
the fastener.  
Multiple samples of the same configuration were tested but for each test, a different 
action integral was used for the injection waveform by modifying the amplitude of the 
injected impulse. The action integral (𝐴𝐼) of the lightning waveform is found by: 
𝐴𝐼 = ∫ 𝐼2(𝑡)
∞
0
𝑑𝑡 (2-3) 
where, 𝐼(𝑡) is the time varying lightning current. The units for the action integral are 
A2s or alternatively J/Ω. The action integral is an important parameter of a lightning 
direct effects waveform. As explained by the lightning waveform standards [30], [31], 
it is a critical factor in the extent of damage and relates to the energy deposited in a 
system. Since the units are Joules per Ohm, the action integral can be applied to any 
resistance value to identify the total energy deposited.  
Figure 2-11 shows two plots extracted from [29]. The two plots are for two different 
conductive adhesives used within the assembly. The data points on each plot are for 
five identical test samples that are tested with different action integrals. Each of the 
five test samples were tested with a different action integral. The action integral was 
changed by varying the amplitude of a unipolar lightning current waveform that had a 
rise time of 45 μs.  
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Figure 2-11: Spark observation results from samples utilising two different conductive 
sealants in a wet assembly. Extracted from [29] 
The data points were coloured yellow if a spark (outgassing) was observed. The plots 
show that, for both conductive sealants, the two lowest level action integral points did 
not result in outgassing whereas the three greater levels did. This suggests that there 
is a threshold for outgassing based on the action integral that is applied. This 
threshold also appears to be affected by the type of conductive sealant that was used.   
Although the threshold appears to be in terms of action integral (since this is the metric 
that was extracted), it may not be the specific parameter that is driving the outgassing 
generation mechanism. The rise time for the unipolar impulse was maintained at 
45 μs throughout whilst the peak current was modified for each test sample. This 
means that when modifying the action integral, the peak rate of change of current 
also modifies because the current must reach a greater value within the same time.  
This may be significant if it is considered that the conduction path consists of a series 
of resistance and inductance. The voltage developed across a series RL circuit can 
be written as:  
𝑉(𝑡) = 𝑅𝐼(𝑡) + 𝐿
𝑑𝐼(𝑡)
𝑑𝑡
 (2-4) 
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where, 𝑅 is the series resistance, 𝐿 is the partial inductance and 𝐼(𝑡) is the time 
varying current.  
The expression shows that voltage developed across the inductance is a function of 
the rate of change of current (
𝑑𝐼(𝑡)
𝑑𝑡⁄ ) and, therefore, the change in peak applied 
current also modifies the voltage drop across the interface if there is a considerable 
inductive contribution.  
Without this information it is not possible to conclude from this work that outgassing 
is a function of the action integral alone but it can be stated that outgassing is 
dependent on one or more characteristics of the applied current waveform. The 
characteristics of the applied lightning current waveform are: 
 Peak current 
 Action integral 
 Rate of change of current 
2.3.3 The physical characteristics and properties of outgassing 
It has already been described that the fastener-to-structure interface undergoes a 
physical change during high current flow. Outgassing is a result of a pressure rise 
within the joint during this physical change resulting in material ejection from the joint 
in the form of hot gas and molten debris. 
Teulet et al. [32], [33] attempted to calculate the pressure rise within the joint that 
occurs as a result of the internal processes. The work used a theoretical model 
coupled with experimental inputs from [13], [14] to estimate the internal pressure. The 
input used in the model was that of the electrical energy dissipated in an electric arc. 
The experiments in [13] included a measurement of current into the substructure and 
voltage between the fastener and the substructure where it was assumed an arc had 
formed. The electrical energy (𝐸𝑒𝑙𝑒𝑐) was calculated by: 
𝐸𝑒𝑙𝑒𝑐 = ∫𝑈𝑎𝑟𝑐 ∙ 𝐼𝑏𝑜𝑙𝑡−𝑠𝑡𝑟(𝑡)𝑑𝑡 (2-5) 
where, 𝑈𝑎𝑟𝑐 is the voltage dropped across the arc, and 𝐼𝑏𝑜𝑙𝑡−𝑠𝑡𝑟 is the current flow 
between the bolt and structure. Pressure was calculated by determining both the 
energy involved in melting/vaporisation of the fastener and the sub-structure plus the 
energy necessary for arc creation and plasma heating. It was stated that the main 
contribution to the pressure build up within the joint is due to the ablation of materials 
because it significantly increases the mass density within the enclosed volume. The 
energy required to melt and vaporise certain materials can be calculated from 
thermodynamic data. Therefore, if the total energy absorbed by the contact interface 
is known, it is possible to determine if there is material ablation and hence a pressure 
increase.  
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For the test configuration and utilising the total electrical energy that was determined 
experimentally, the pressure rise was calculated to be within a range of 150-450 bars. 
Unfortunately, the study did not include any comparisons with experimental 
measurements of the pressure rise because there was no attempt to measure the 
internal pressure in the prior experiments.  
Liebscher et al. [34] measured the dynamic pressure within the nut cavity of the 
fastener using a pressure sensor mounted in the exterior wall of a uniquely designed 
nut. The device was used on struck fasteners in a lightning direct effects test, 
whereby, fasteners (diameter not specified) were injected with a Zone 3 [2], 𝐴 5⁄ +
𝐵 + 𝐶∗ lightning current waveform according to [31]. Figure 2-12 shows 
measurements from two different fasteners.  
 
Figure 2-12: Measurements of pressure inside a nut cavity from a Zone 3 lightning 
struck fastener. Extract from [34]  
Peak pressures were measured in the range of 1.35-1.75 ksi (93-120 Bar). The time 
to peak pressure ranged from 100-300 μs, which is significantly slower than the time 
to peak current of the 𝐴 5⁄  waveform. This is because the formation of pressure does 
not occur on the same timescale as the injection of electrical energy.   
Mulazimoglu et al. [16][25] analysed the material debris deposited in the collars (nuts) 
of fasteners that outgassed during lightning strike tests. Energy dispersion 
spectrometer (EDS) chemical analysis was used to determine the nature of the 
deposit. It can be assumed that this same material is expelled from the joint during 
the outgassing event but is also partly deposited in the collar. The analysis revealed 
that the deposits consisted of polysulfide sealant, metallic fastener droplets and 
carbon fibre particles. The authors state that the presence of the fastener material 
and carbon fibre is evidence that the deposits originated from arcing between the 
fastener and the surface inside the hole. It is then carried by the hot gases and ejected 
by the pressure within the joint. 
Pressure (ksi) 
Time (ms) 
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Although the presence of the structural materials is evident in the deposit, there has 
been no effort to relate differences in excitation conditions to the type/quantity of 
materials that are deposited. It was suggested in the previous section that outgassing 
is likely to be related to characteristics of the lightning waveform. Also, it has been 
stated that the material ablation is related to melting and vaporisation of the interface 
material. Since these structural materials have different thermodynamic properties, it 
can be expected that a lightning current excitation that is low in magnitude; e.g. small 
action integral, may produce lower intensity outgassing than that of a high magnitude 
excitation. This is because different material compositions are present in the ejected 
matter due to the extent of material phase change and the ultimate temperature rise 
within the joint that contributes to the over-pressure. Analysis of the difference in 
material deposits for different intensity waveforms could suggest that outgassing is 
not only related to the electrical properties at the interface but also to the thermal 
properties of the materials used. 
2.3.4 The role of current paths in a complex joint 
The simple physical properties of a composite joint translate to a complicated 
electrical network. The simple schematic diagram of Figure 1-1 shows four 
components of the joint: the fastener consisting of a bolt and a nut, the wing skin and 
the rib/spar.  
Each of the four components can be made of a different material type. For example, 
the joint may consist of a titanium bolt with stainless steel nut, CFRP wing skin and 
aluminium rib. This causes a distributed network of resistances from the fastener 
location to a distant return network such as the interface between a composite joint 
test sample and an LDE test rig. 
In addition to the material resistances, there are also contact resistances in the 
network due to the electrical contact between the test fastener and the surrounding 
structure. If a countersink fastener is installed in a clearance fit hole, the contact force 
at the countersink region is far greater than the contact force at the shank region due 
to the fastened pre-load. The mechanical difference in the force between the 
countersink region and the shank region results in a correspondingly large difference 
in the electrical contact resistance at the two regions.   
An electrical circuit schematic of a joint containing passive elements of resistors and 
capacitors was presented in [13] and is shown in Figure 2-13. The joint that was 
represented included a lightning strike surface protection layer.   
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Figure 2-13: Initial circuit model of Revel, Peres, Lepetit, Andrivet and Flourens [13] 
prior to the inclusion of inductances and non-linearities 
The circuit components are defined as: 
 RM, RC, RR and RN = the material resistances of the metallic surface layer (mesh), 
cover (wing skin), the rib and the nut, respectively.  
 RB1 to RB4 can be summed to equate to the total resistance of the bolt.  
 CC-R and CN-R are capacitances at the cover-rib and the nut-rib, respectively that 
are included since electrical isolation exists between these components that could 
electrically breakdown in practice.  
 RB-M, RB-C and RB-N are contact resistances between the bolt and metallic layer, 
the bolt and cover at the countersink location, and the bolt and nut.  
It was assumed in the construction of the model that a large clearance fit exists and 
thus, capacitances CB-C and CB-R represent the gap between the bolt-cover and bolt-
rib, respectively.   
The circuit does not include inductances in the material current paths which were 
added later with non-linear components to represent electrical breakdown. These 
were described to be very important because an electrical breakdown between the 
bolt and the rib occurred during the first few microseconds in experiments. At this very 
early time, the total current entering the joint was very low, resulting in a low resistive 
voltage drop. Therefore, it was suggested in [13] that the voltage which caused 
electric breakdown between the bolt and the rib must have been due to inductive 
reactance. Since no current can flow into the rib before the breakdown, the voltage 
developed across the bolt-rib gap was a consequence of the fast rise of current 
through the inductance of the skin6. 
                                               
6 Note that the authors of [13] do not distinguish between the mesh and skin current in the 
experimental measurement and thus it cannot be said that either the mesh or skin inductance 
is more dominant.  
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It is not common for the shank of the fastener to be completely isolated from the 
surrounding structure in a primary structural joint which was the situation that was 
modelled in [13]. This is because the clearance used is often only up to a few 
hundreds of micrometres, which is the case for samples tested in this thesis. Usually, 
this means that some electrical contact exists but it is a poor contact. Nevertheless, 
the work shows that in a complex joint arrangement consisting of multiple current 
paths, current in one path may significantly affect the current flow in a second path. If 
current flowing in the second path is the cause of outgassing, then the impedance of 
the first path can influence the risk of outgassing. For this reason, the authors of [13] 
made a recommendation of minimising sparking by maximising skin conductance. 
In a lightning protection scheme provided in [35], the electrical conductance at the 
exterior surface of the joint is enhanced by utilisation of a heavier metallic strip local 
to a fastener in addition to the global metallic surface protection. This has the effect 
of improving the electrical contact between the fastener and the high conductivity 
surface. The heavier strip effectively connects multiple fasteners so that current can 
be distributed away from a single fastener reducing the fastener current density, 
which it is stated, could lead to sparking. Thus, the introduction of the heavier metallic 
strip both reduces the material impedance of the outer surface with respect to the 
other current paths and reduces the contact resistance to this path.    
This role of the current distribution through the structure is also suggested in [36]. The 
authors state that fastener sparking is dependent on the substructure/skin current 
share and explain that sparking may or may not occur depending on the 
substructure/skin current share which is determined from the impedance of each 
current path. The work in [36] is concerned with the scale up of spark analysis from 
small test samples to larger more representative wing box like test structures. The 
authors note that the impedance of each current path is influenced by the current flow 
beyond the scale of a small test specimen since it can be influenced by substructure 
electrical connections and installed systems in the wing box.  
The investigations in [13] and [36] show that the total current share in each path can 
be modelled with simple circuit modelling tools providing that good approximates for 
the values of lumped elements are used. Even though there is a suggestion that 
outgassing is related to the current flow in a particular path, there was no investigation 
of the specific reasons for this.   
2.3.5 Summary of outgassing understanding from literature 
Table 2-2 summarises the outgassing understanding of the previous sections into 
several statements of knowledge that are linked to one of three groups. Alongside 
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each statement are the primary references where evidence can be found to support 
the statement.  
Table 2-2: Summary of outgassing understanding 
Group Statement of knowledge Primary references 
Current 
distribution  
Multiple parallel current paths exist in a 
structural joint and the current distribution 
between these paths has a significant 
influence on outgassing 
Revel et al. [13], 
Dabelstein [36] 
The use of a metallic outer ply to disperse 
current away from the fastener is beneficial 
Brick [22] 
Fastener-to-
structure 
interface 
Outgassing is strongly related to 
conditions at the fastener-to-structure 
interface both in terms of the degree of 
contact and the materials used, such as 
fastener surface coatings 
Brick [22], Morrill 
[10], Robb [24] 
The electrical contact between the 
fastener and the structure can vary 
through the joint, e.g. the countersink 
region is different to the shank region 
Brick [22] 
The fastener-to-structure interface 
changes during the strike due to electrical 
activity and physical material changes. 
The change is permanent. 
Mulazimoglu and 
Haylock [25], 
Chemartin et al. [12], 
[26], Robb [27], 
Lepetit et al. [14] and 
Kostogorova-Beller 
et al. [28] 
The change is most notably due to the 
reduction in resistance from its initial state 
but it is also evident from inspection of the 
fastener surface after the strike 
Mulazimoglu and 
Haylock [25], 
Chemartin et al. [26]  
It has been suggested that the damage 
observed on the fastener surface due to 
current flow is linked to outgassing 
Morrill [10] 
There have been principally two 
explanations for this damage: 
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Group Statement of knowledge Primary references 
1) Due to high current density at small 
contact points which gives rise to 
excessive temperature and transformation 
of the contact 
2) Due to dielectric breakdown at small 
voids in the interface, which causes high 
temperature and phase transition 
 
Chemartin et al. 
[26],  
 
 
 
 
Mulazimoglu and 
Haylock [25] 
 
Although the pre-strike resistance has not 
been correlated to outgassing, there has 
been suggestions that the degree of 
physical change in the contact and 
material is related to outgassing 
Chemartin et al. 
[12], [26], Robb [27], 
Lepetit et al. [14] 
and Kostogorova-
Beller et al. [28] 
Outgassing 
characteristics 
Hot gas generated within the interface is 
released from the joint at high pressure 
Teulet et al. [32], 
[33] 
Liebscher et al. [34] 
Ejected particle debris consists of 
constituents from the contact interface, 
such as carbon fibre and metal from the 
fastener surface 
Mulazimoglu et al. 
[16][25] 
Table 2-2 reveals the significance of the fastener-to-structure interface. The current 
distribution through the joint modifies the current delivered to this critical interface 
and, therefore, the current distribution can potentially be manipulated to directly 
modify the current to the critical interface. However, there is no literature evidence to 
suggest what design parameters of the joint can be tuned to most effectively 
manipulate the current distribution. 
Outgassing is related to the interface conditions combined with the amount of current 
exchange at the interface and there is evidence that, following current exchange, 
material phase change occurs which is related to outgassing. However, there is a lack 
of evidence for the driving factors for this phase change. For instance, what are the 
primary properties of both the interface and the current waveform that are most 
significant and can be controlled when designing lightning protection? A question that 
is partly addressed in this thesis.   
2.4 Explanation of the crucial fastener-to-structure interface 
It is apparent from the review in section 2.3 that the nature of the interface between 
the fastener and the surrounding structure has a fundamental role on the creation of 
outgassing. This section provides information on how the joint design results in the 
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conditions at the physical interface and the implications this has on the electrical and 
thermal properties. This leads to the development of a hypothesis for the creation of 
outgassing due to these initial physical properties.  
2.4.1 Physical characteristics of the contact interface 
The contact interface that is relevant to this study is formed between the metal 
fastener and CFRP structure. The contact interface is defined by the texture of the 
fastener surface and the CFRP surface inside the hole, coupled by the contact force 
between the two components. The contact force between the fastener and the 
structure is effectively controlled by the fit of the fastener that is defined by the hole 
diameter used for the fastener. I.e. a greater hole diameter results in a smaller contact 
force.  
Fastener holes in wing skins are countersink holes because of the aerodynamic 
requirements of the wing surface. This generates two different contact interfaces 
through the geometry of the joint. The fastener pre-load generates a large contact 
force at the countersink interface that is significantly greater than at the shank 
interface. 
The surface roughness inside the CFRP hole is far greater than that of the fastener 
surface. The metal fastener is a machined homogenous material that is typically 
treated to include a thin surface film. This results in a regular surface roughness 
pattern. However, the CFRP hole is drilled through a laminate that consists of multiple 
layers of unidirectional carbon fibres that are orientated in different directions and 
embedded in an epoxy matrix. 
Mulazimoglu and Haylock [16] compared the surface texture of a drilled CFRP hole 
to a drilled aluminium hole. The SEM images in Figure 2-14 show the regular surface 
pattern of the aluminium hole with directional groves produced by the cutting tool.  
 
Figure 2-14: SEM micrographs of a CFRP hole (left) and an aluminium hole (right) [16] 
The surface texture of the CFRP is much more irregular and shows the different 
roughness pattern of the CFRP layers caused by the different fibre orientations as 
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well as drilling-induced damage to the fibres. The average surface roughness of the 
aluminium was reported to be 0.13-0.15 µm whereas the CFRP was 3.1-3.8 µm.     
The cutting tool causes delamination of the laminate to occur and breakage of the 
fibre resulting in fibre pull-out. This damage is shown by the SEM images in Figure 
2-15. The fibre pull-out craters were found to usually exist where the cutting direction 
is 45° relative to the direction along the length of the fibre.   
 
Figure 2-15: SEM images of drilled CFRP surface showing delamination (left) and fibre 
pull-out (right) [16] 
The effects of drilling on the surface of a CFRP hole has been covered extensively in 
literature [37]–[40]. Typical defects that are caused by the cutting tool include 
delamination, fibre pull-out, matrix softening/melting, stress concentration and micro 
cracks [41]. These defects are associated with the type of tool used [42] and its 
material [43], the feed rate that has a significant impact on delamination [44] and the 
spindle speed [45]. Isbilir and Ghassemieh [41] reported on the variation of surface 
roughness when feed rate (355 to 684 mm/min) and spindle speed (3000-9000) was 
varied. Over the process variation tested, the average hole surface roughness (Ra) 
ranged from 1.8 to 6.3 µm. Drilling 56 consecutive holes with the same drilling 
parameters caused the Ra to increase from 3.3 to 6.4 µm due to wear of the cutting 
tool that increases the surface roughness. 
Figure 2-16 shows photographs of a typical CFRP hole surface. Red lines on each 
image show typical surface features. The left image highlights the CFRP ply 
boundaries, the centre image shows tooling marks that are created by the rotation of 
the tool as it is fed through the hole and the right image highlights regions of fibre pull 
out as previously shown in [16].  
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Figure 2-16: Typical hole surface showing ply boundaries (left), tooling marks 
(centre), and fibre pull-out (right) [photos courtesy of Airbus Group Ltd] 
The regions of fibre pull out cause significant valleys in the surface texture. When 
interfacing with the fastener, they cause regions of contact voids. Mulazimoglu and 
Haylock [16] provided SEM images of the interface between an installed fastener and 
the surrounding hole surface. Figure 2-17 highlights contact voids where there is no 
physical contact between carbon fibres and the fastener surface. At these voids there 
is no electrical contact which has implications to the electrical and thermal contact 
resistance of the interface. Less fibre contact with the fastener increases the contact 
resistance.   
 
Figure 2-17: SEM pictures of the cross-section of an installed fastener showing the 
interface between the fastener and the CFRP hole. Voids are circled. [16] 
Figure 2-18 are surface profile measurements of a CFRP hole taken using a stylus to 
ISO-4287 [46] using a Gaussian filter of 0.8 mm cut-off length. The CFRP laminate 
consisted of a 32 ply quasi-isotropic lay-up. These measurements are taken from the 
test fastener holes of one of the test samples that is discussed in Chapter 6 of this 
thesis.   
The figures show distinct valleys where fibre pull-out has occurred. The valley depth 
recorded with the instrument reaches almost 25 µm from the mean line with a 
maximum width of approximately 270 µm. The cured ply thickness (CPT) of this 
material was 254 µm and thus the biggest valley covers the thickness of a full ply. 
The average surface roughness (Ra) of the 0° and 90° profiles is 1.85 and 1.35 µm, 
respectively.  
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Figure 2-18: Surface roughness profiles of a typical CFRP hole measured using a 
stylus. Profile when stylus is perpendicular to 0° fibres (left) and perpendicular to 90° 
fibres (right) [measurements taken as part of this work] 
2.4.2 Implications of the physical characteristics on the electrical and 
thermal contact resistance 
It has already been described in previous sections that the surface texture of the 
CFRP hole and contact force between the fastener and the hole surface influence 
outgassing. Both the surface roughness of the interface and the contact force, modify 
the electrical and thermal contact resistances between the two surfaces. 
The fundamentals of contact resistance in stationary contacts are very well 
documented by Timsit [47], [48]. At the micro scale, all contacting surfaces are rough 
and the real electrical contact is defined by a distribution of small contact points called 
contact asperities or a-spots. In contact physics, the interface that appears to be in 
contact from a macro scale is called the apparent contact area (AA). Thus, when 
considering the interface between the fastener shank and the hole surface, the 
apparent contact area is defined by the depth and diameter of the hole. For example, 
a 6.35 mm diameter fastener with equivalent hole diameter (d), installed into a CFRP 
laminate with a shank hole depth (h) of 8.3 mm would have an apparent contact area 
of: 
𝐴𝐴 = 𝜋𝑑ℎ = 166 𝑚𝑚
2 (2-6) 
When two surfaces come into contact, the load is first supported by the peaks in the 
surface roughness which can be assumed to deform plastically with increasing load. 
The area in contact is then called the true contact area (AC) or the mechanical load 
bearing contact area. Electrical conduction through the interface occurs via the 
contact asperities within the true contact area, providing that no insulating films such 
as oxide films coat the contacting asperities. If this is the case, then conduction relies 
on rupture of the insulting films that occurs under a given contact load. Thus, the 
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remaining electrical contact area is smaller than the true contact area which in turn is 
smaller than the apparent contact area7.  
As current approaches the a-spots from the bulk material, it is constricted to flow 
through the small area from the bulk material. This constriction in current causes a 
constriction resistance described by Holm [49]. Figure 2-19 illustrates the constriction 
in current between two contacting surfaces. This constriction occurs in 3D.  
 
Figure 2-19: Schematic diagram of two contacting surfaces showing the constriction 
in current flow from surface A to B [47]  
Equation (2-7) was developed by Holm to provide a relationship for the constriction 
resistance of two contacting bodies of the same material; i.e. two similar metals with 
the same resistivity (ρ), where a is the radius of circular a-spots. 
𝑅𝐶𝑟 =
𝜌
2𝑎
 (2-7) 
It can be shown [48] that for two dissimilar materials (𝜌1 and 𝜌2), the constriction 
resistance can be expressed as: 
𝑅𝐶𝑟 =
𝜌1 + 𝜌2
4𝑎
 (2-8) 
Multiple a-spots contribute to the overall contact resistance of an interface. Contact 
between nominally flat surfaces usually appears in clusters of a-spots. The position 
of the clusters is defined by the large-scale waviness of the surface and the locations 
of the a-spots are defined by the small-scale roughness. For a large number of 
circular a-spots in a single cluster, Greenwood [50] found the approximation: 
𝑅𝑐 = 𝜌 [
1
2𝑛𝑎
+
1
2𝛼
] (2-9) 
where, 𝑅𝐶 is the contact resistance, 𝜌 is the resistivity of the contacting materials, 𝑎 is 
the mean a-spot radius, 𝑛 is the number of a-spots and 𝛼 is the cluster radius (or 
Holm radius). 
                                               
7 Note: This is the usual situation but, under rare situations, it is possible that all three areas 
are equivalent. 
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Providing that the a-spot radius is not incredibly small compared to the cluster radius, 
knowledge of only the cluster radius is sufficient to estimate the contact resistance 
and thus: 
𝑅𝑐~
𝜌
2𝛼
 (2-10) 
The cluster radius can be estimated from the true contact area (𝐴𝐶) using equation 
(2-11) [48]: 
𝛼 = (
𝐴𝐶
𝜋
)
1
2
 (2-11) 
Since the mechanical load is supported by the contact asperities, the mechanical 
contact area is determined from the applied load and the plastic deformation of the 
asperities, i.e. the hardness of the softer material. This notion was suggested by 
Bowden and Tabor [51] and gives the expression:  
 𝐴𝐶 =
𝐹
𝐻
 (2-12) 
where, 𝐹 is the force applied normal to the interface and 𝐻 is the hardness of the 
softer contacting material. 
Equations (2-10) to (2-12) can be used to give an expression for the contact 
resistance that is a function of only force, hardness of the softer material and 
resistivity. 
𝑅𝐶~(
𝜌2𝜋𝐻
4𝐹
)
1
2
 (2-13) 
The inclusion of the true contact area in the contact resistance equation means that 
the contact resistance has no relationship to the apparent contact area. Therefore, in 
an equivalent joint stack, the contact resistance between a large diameter fastener 
and a smaller diameter fastener will be equivalent providing that the contact force and 
surface finishes are the same.  
It is common in aircraft specifications to use a single fit specification; i.e. a clearance 
tolerance, for a range of fastener diameters. For example, a diameter code 4 
(6.35 mm) fastener may have the same clearance specification as a diameter code 7 
(11.11 mm) fastener. In this situation, the true contact area for the larger diameter 
fastener will be greater than the true contact area for the smaller diameter fastener. 
The illustration in Figure 2-20 can be used to explain the reason for this. 
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Situation A – constant force 
 
a1 > a2 
F1 = F2 
d1 > d2 
Asperities of smaller diameter deform more 
so that AC of the two sizes are equivalent 
Situation B – constant displacement 
 
a1 > a2 
d1 = d2 
F1 > F2 
To reach the same displacement, less force 
is required for smaller diameter and thus AC 
of the small diameter is less 
Figure 2-20: Illustration to explain the reason for difference in contact resistance for 
different size fastener with equivalent fastener fit [author’s own work] 
Since the surface textures of the hole and fastener are equivalent, it can be assumed 
that the size and distribution of contact asperities are equivalent. From Equation 
(2-12), it is known that if the applied force is equivalent for both diameter fasteners, 
the true contact area is equivalent because the asperities for the smaller diameter 
deform more when supporting the load. This would effectively close the fit between 
the fastener and the hole surface. Therefore, if the fit is made constant for both cases, 
the applied load must be less for the smaller diameter case and, hence, the true 
contact area is less. 
By virtue of Equation (2-13), a smaller true contact area leads to a greater contact 
resistance and thus, for the same level of fastener fit, a smaller diameter fastener has 
a greater contact resistance. 
Equation (2-13) applies to specific cases where the two bodies in contact have 
equivalent electrical resistivity and the surface of the bulk material is free from surface 
films and contaminants. In many practical situations and especially for a fastener-to-
CFRP interface in a joint, contaminants and thin conductive films are present. 
Equation (2-14) [47] accounts for some of these deviations where 𝜌1 is the resistivity 
of a body without conductive thin film in contact with another body with conducting 
thin film that has an effective resistivity given by the material’s resistivity 𝜌2 multiplied 
Body B
Body A
Body B
Body A
F1
F2
a1
a2
d1
d2
Body B
Body A
Body B
Body A
F2
F1
a1
a2
d1
d2
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by a plating factor, 𝑃𝑓2. The second term in the equation accounts for a contaminant 
film, where 𝑑𝑐𝑜𝑛𝑡 is the thickness and 𝜌𝑐𝑜𝑛𝑡 is the resistivity of the film.  
𝑅𝑐 =
𝜌1 + 𝜌2𝑃𝑓2
2
(
𝜂𝜋𝐻
4𝐹
)
1
2
+
𝜌𝑐𝑜𝑛𝑡𝑑𝑐𝑜𝑛𝑡𝐻
𝐹
 (2-14) 
A metallic fastener-to-CFRP interface is further complicated by the anisotropic 
electrical conductivity of CFRP and the fact that the cut surface is not homogenous, 
consisting of conductive fibre embedded in non-conductive resin and orientated, 
therefore cut, at different angles.  
Anway et al. [52] characterised the contact resistance of a metal-to-CFRP interface 
and compared the relationship between contact resistance and load to the classical 
relationship for metal-to-metal contact. 
Equation (2-13) was developed with the assumption that, following conduction of 
current into a contact asperity, the current distribution is isotropic from the asperity 
into the homogenous material. 
Anway et al. suggested that in a metal to CFRP contact, the current distribution is not 
isotropic into the bulk CFRP material because of the anisotropic electrical properties 
of CFRP. The two situations are illustrated in Figure 2-21. 
 
Figure 2-21: Hypothesised current distribution between a contact plate and a metal 
coupon (left) and a contact plate and a CFRP coupon (right) [52]  
The CFRP surface is rough so the hypothesis is that current is only carried into the 
bulk material by carbon fibres that make electrical contact with the contact plate. The 
current doesn’t spread isotropically into the material from the point of contact because 
the electrical conductivity along a single fibre is significantly greater than the electrical 
conductivity transverse to a fibre. This keeps the current constrained within the 
contacting fibre. In the illustration, the contacting current carrying fibres are shown in 
yellow.  
Anway et al. also discuss the situation where a CFRP coupon is positioned between 
two contacting interfaces, as shown in Figure 2-22.   
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Figure 2-22: Illustration of a situation where a CFRP coupon is sandwiched between 
two contacting interfaces [52] 
For current to flow from one contact plate to the other in this situation, with the same 
assumption that it is much more favourable for current to flow directly along the fibre, 
it must be via the fibres that make electrical contact with both plates. The authors first 
developed an equation for the resistance of the sample for the single sided case. The 
equation is: 
𝑅 =
𝑅𝑓
𝑁
∙
𝐻𝐴𝑇
𝐹
 (2-15) 
where, 𝑅𝑓 is the resistance of a single carbon fibre, 𝑁 is the total number of fibres in 
the laminate and 𝐴𝑇 is the total surface area. It is possible to take this equation further 
because the total number of fibres is equal to the total surface area of conducting 
fibres divided by the surface area of a single fibre, 𝐴𝑓. 
𝑁 =
𝐴𝑇
𝐴𝑓
 (2-16) 
This is true because the authors assumed that 𝐴𝑇 is not the full apparent surface area 
which includes fibre and resin but the total surface area of conducting fibres. Anway 
et al. made this assumption because of the ratio: 
𝑛𝑓
𝑁
=
𝐴𝑐
𝐴𝑇
→ 𝑛 =
𝐴𝑐
𝐴𝑇
𝑁 (2-17) 
where, 𝑛𝑓 is the number of fibres that are in contact with the contact plate and 𝐴𝐶 is 
the total area of contacting fibres. Equation (2-16) can be substituted into Equation 
(2-15) to give: 
𝑅 = 𝑅𝑓𝐴𝑓 (
𝐻
𝐹
) (2-18) 
The resistance of a single fibre (𝑅𝑓) is: 
𝑅𝑓 =
𝑙
𝜎𝑓𝐴𝑓
 (2-19) 
where, 𝐴𝑓 is the cross-sectional area of a fibre. Via substitution: 
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𝑅 =
𝑙
𝜎𝑓
𝐻
𝐹
 (2-20) 
This is effectively the common equation for resistance (
𝜌𝑙
𝐴⁄ ) where the conducting 
contacting area (𝐴𝐶) is determined by the force and hardness; i.e. the Bowden-Tabor 
relationship (Equation (2-12)).  
The authors then describe the situation where the CFRP coupon is sandwiched 
between two contact plates. This time the situation is at both ends and there is a 
probability that a fibre making contact at one end also makes contact at the other end. 
They claim that the number of through fibres (𝑛𝑡ℎ) should go as the square of the 
fibres that touch only one electrode and thus: 
𝑅 =
𝑅𝐹
𝑛𝑡ℎ
;  𝑛𝑡ℎ = 𝑁 (
𝑛𝑓
𝑁
)
2
 (2-21) 
The resistance for this case is then derived to be: 
𝑅 =
𝑅𝐹
𝑁
∙ (
𝐴𝑇𝐻
𝐹
)
2
 (2-22) 
Again, this equation can be taken further by substituting Equations (2-16) and (2-19) 
to show that: 
𝑅 =
𝑙𝐴𝑇
𝜎𝑓
∙ (
𝐻
𝐹
)
2
 (2-23) 
Equation (2-23) seems to contradict the conventional notion that the contact 
resistance is not a function of the apparent contact area (𝐴𝑇). However, it is possible 
to rewrite Equation (2-23) with consideration of Equations (2-12) and (2-17) as: 
𝑅 = (
𝑙
𝜎𝑓𝐴𝑐
) (
𝐴𝑇
𝐴𝑐
) (2-24) 
The first term in Equation (2-24) is effectively the standard equation for resistance as 
was described in the one-sided case and can be thought of as being multiplied by a 
correction factor which is the percentage of fibres that are in contact with the plates; 
i.e. if the ratio of contacting fibres to total number of fibres reduces, the resistance 
increases. This ratio is equal to 1 for the single sided case because it is assumed 
that, if fibres contact at one end, they always carry current to the other end.  
By clamping rectangular CFRP coupons between two flat electrodes and varying the 
clamping force, Anway et al. showed experimentally that the resistance follows the 
trend of 1 𝐹⁄  when silver paint is coated at one end of the CFRP coupon and 
1
𝐹2⁄  
when both sides were bare. Thus, the trend with force followed the relationship of 
Equation (2-20) for the situation when one side was coated with silver paint, ensuring 
that fibres were in contact at one side, and the relationship of Equation (2-23) when 
both sides were free of silver paint.  
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Even though the expressions were shown to be valid in the experiment, the 
assumption that current is constrained to the contacting fibres and doesn’t spread into 
other fibres in the laminate can be questioned. Although the conductivity along the 
fibre is of the order of 1000 times greater than that transverse to the fibre length, the 
fibres are in contact, so it is possible for the current to spread transversely. It is 
possible that this will influence the resistance so that it does not follow the  1 𝐹2⁄  trend 
if the transverse conductivity is increased or the sample length is increased. Anway 
et al. were aware of this and purposely made the test samples very short (6.35 mm 
and 25.4 mm) to reduce the influence of the bulk material. To justify the general 
validity of Equation (2-23), several material types and sample geometries should be 
evaluated.  
2.4.3 Temperature of a conducting contact 
Section 2.4.2 discussed the fact that current flow across a contact interface is via 
many contact asperities that constrict the passage of current creating a contact 
resistance. During the passage of current through this resistance, the temperature 
will rise due to the Joule effect. The temperature of an electrically heated a-spot and, 
thus, the contact interface is well documented. Much of the classical theory is derived 
with validity of particular scenarios by Holm  [49]  and is well summarised by Timsit 
[47].  
The classical theory was derived with the assumption that the outer surfaces of the 
contacting conductors are thermally insulated from the external environment. 
Therefore, when Joule heating occurs within the a-spot, it can only be dissipated via 
thermal conduction through the bulk contacting material. This means that electrical 
and thermal current follow the same path and the electric potential and isothermal 
surfaces within the conductors coincide [47]. This allows the maximum temperature 
to be directly related to the voltage across the contact; i.e. an increasing voltage 
across the contact causes an increasing temperature in respect to the bulk material 
temperature. The difference between the maximum temperature in the contact (Tm) 
and the bulk conductor temperature (T1) is referred to as the contact 
supertemperature (Tm- T1). 
The voltage-temperature relationship was developed by Greenwood and Williamson 
[53]: 
𝑉 = [2∫ 𝜆1𝜌2 𝑑𝑇
𝑇𝑚
𝑇1
]
1
2
+ [∫ 𝜆2𝜌2 𝑑𝑇
𝑇𝑚
𝑇2
]
1
2
 (2-25) 
where, subscripts 1 and 2 represent the conditions of each of the two materials in 
contact, 𝑉 is the voltage across the contact, 𝜆 is the thermal conductivity, 𝜌 is the 
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electrical resistivity, 𝑇 is the bulk material temperature and 𝑇𝑚 is maximum 
temperature. For monometallic contacts where the electrical and thermal 
conductivities vary only slightly with temperature, it can be shown [53] that the 
supertemperature is given by: 
𝑇𝑚 − 𝑇1 =
𝑉2
8𝜆𝜌
 (2-26) 
However, the thermal and electrical conductivities both usually depend on 
temperature and above a few tens of degrees, Equation (2-25) breaks down. A more 
rigorous equation is required that considers the temperature dependency of the 
material properties. For metals, the thermal conductivity decreases with temperature 
and the electrical resistivity increases with temperature. This causes a cascading 
scenario for increasing current in metal contacts since an increase in current through 
the contact, increases the voltage across the contact which also increases the 
temperature within the contact. This in turn increases the resistivity and decreases 
the thermal conductivity, which causes the temperature to rise further leading to 
further changes in the material properties and so on. For some metal materials, where 
the thermal coefficients of electrical resistivity and thermal conductivity are large, 
thermal equilibrium cannot be reached, and an unstable situation occurs. Above a 
certain temperature (e.g. 346°C for Nickel-Nickel contacts), which is less than the 
melting point of the material [54], any further increase in current causes the 
temperature and voltage to rise until physical change to the material occurs due to 
excessive temperature.  
The specific relationships between voltage developed across the contact and 
temperature, and resistance of the contact with temperature, means that an 
increasing current delivered into a contact can result in a collapse of the contact 
resistance. This change of the contact resistance can remain after the current is 
reduced if the contacts are not separated. 
Figure 2-23 is an extract from Holm [49]. It shows a typical resistance-voltage 
characteristic of a contact called the RU-characteristic. The case is specifically for a 
symmetric clean metallic (copper-copper) contact. The curves represent a constant 
contact load; however, the trends remain the same if other contact loads are used 
providing the load remains constant; i.e. a smaller contact load just shifts the curves 
up in resistance.  
The x-axis in the figure shows the voltage drop across the contact but it also shows 
the supertemperature alongside the axis for convenience because it has already been 
shown that the supertemperature is a function of the voltage across the contact. The 
principal y-axis is resistance which depends on temperature due to the resistivity 
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dependence on temperature so, also for convenience, the ratio between the hot 
resistance and the cold resistance is given on the secondary y-axis. 
  
Figure 2-23: Extract from Holm [49], showing typical R-U characteristics of a 
symmetric clean metallic contact 
As current and thus voltage are increased, there are several transition points on the 
curves that highlight particularly interesting regions for explanation. Firstly, the curve 
A-B-C is drawn from a theoretical calculation of the temperature dependent resistance 
versus the voltage across the contact.   
However, as the temperature of the contact increases, physical changes occur to the 
contacting materials. The first change occurs at location B when the temperature of 
the contact reaches a critical point that causes softening of the material. At this 
temperature, the strain hardening that is introduced when annealed contacts are 
brought together diminishes. The material softens slightly, and due to Equation (2-12), 
the real contact area increases, reducing the contact resistance. With further increase 
in the voltage, the resistance again increases until point E is reached. This is a critical 
point where any further increase in the current applied to the contact cannot increase 
the voltage and, hence, the temperature of the contact. This is the voltage across the 
contact that relates to a temperature that is high enough to melt the contact asperities; 
i.e. the asperities are no longer solid contacts supporting the contact load. The 
asperities collapse together causing an increased contact area and a reduction in the 
contact resistance. The curve at E-F is the melting drop and occurs at the melting 
voltage. The F-G curve represents the situation when current is decreased following 
melting. The resistance decreases with voltage along the same trajectory as A-B-C 
but is at a lower resistance. The permanent change in resistance (A-G) occurs in 
metal-metal contacts because contact welding happens at the melting voltage and, 
thus, a permanent electrical contact remains even when the temperature decreases.  
Temperature 
dependent 
resistance  
Supertemperature  
Hot R / Cold R  
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This profile of the change in resistance for increasing current and temperature can 
provide further explanation for the dynamics and the permanent change observed in 
literature (ref. section 2.3.1) when measuring the resistance of a joint in lightning strike 
tests. 
It is relevant to discuss the difference in the temperature rise of contact asperities and 
that of the bulk material. The bulk material will increase in temperature due to Joule 
heating, i.e. current flow through the resistive bulk material causes Joule heat and the 
temperature of the bulk material then rises according to Equation (2-27) (neglecting 
heat loss to the surroundings), where Δ𝑇 is the change in temperature of the material, 
𝑅 is the resistance of the material, 𝐼(𝑡) is the instantaneous current, m is the mass 
material and c is the specific heat capacity of the material. 
Δ𝑇 =
𝑅
𝑚 ∗ 𝑐
∫ 𝐼2(𝑡) 𝑑𝑡 (2-27) 
Therefore, the increase in temperature of the bulk material is proportional to the 
square of the applied current and the temperature rise is greater for a longer current 
duration. Greenwood and Williamson [53] showed that the maximum temperature in 
a contact is related to the current by: 
𝑅𝑐𝐼 = 𝜌1,0 ∫ [2∫ 𝜆1𝜌2 𝑑𝑇
𝑇𝑚
𝑇
]
−
1
2
𝑇𝑚
𝑇1
𝜆1𝑑𝑇 + 𝜌2,0 ∫ [∫ 𝜆2𝜌2 𝑑𝑇
𝑇𝑚
𝑇
]
−
1
2
𝜆2𝑑𝑇
𝑇𝑚
𝑇2
 (2-28) 
where again, subscripts denote contacting materials 1 and 2, 𝑅𝐶 is the cold contact 
resistance, 𝜌1,0 and 𝜌2,0 are the cold resistivities of the two materials, 𝜌 is the 
temperature dependent resistivity and 𝜆 is the temperature dependent thermal 
conductivity.  
Equation (2-28) shows that the maximum temperature in the contact depends directly 
on current magnitude and, unlike the bulk material, it is not a function of time. This is 
important in high current transient impulse situations (e.g. lightning current), because 
the duration of the impulse may not cause the bulk material temperature to rise but 
the magnitude of current will cause the contact temperature to rise, instantaneously. 
Therefore, the temperature rise of the contact is directly related to the magnitude of 
lightning current and not necessarily its duration. However, the speed at which the 
temperature rises is significant to subsequent processes, as described in the following 
section.      
2.4.4 Transition from electrical contact to an arc 
The previous section described that the temperature of contact asperities rises 
instantaneously with the current through them and the temperature is directly 
proportional to the voltage drop across them. With increasing voltage, the 
temperature eventually reaches the melting temperature and the contact resistance 
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collapses. The speed at which this process occurs may be significant, and an analogy 
can be made with the phenomenon of exploding wires.  
The process of an exploding wire is well described in [55]. An overloaded fuse wire 
usually melts quietly but if a wire is deliberately subjected to a sudden and very high 
current it can explode violently. Several regimes are possible depending on the rate 
of change of current through the wire.  
If the current rise is slow (more than 100 μs), the temperature through the wire 
reaches the melting point of the material and the wire breaks up into droplets. Current 
flow is prevented due to mechanical processes which is the situation of a conventional 
electric fuse.  
If the current rise is between 5 and 20 μs [55], the time is too short for the wire to fall 
apart mechanically (under surface tension and gravity). The shape of the wire is 
distorted as it reaches the melting temperature forming unduloids. However, the 
temperature of the wire continues to rise rapidly as current continues to increase and 
the thin necks of the undoloids reach the vaporisation temperature. Metal bridges and 
arcs are formed between the unduloids and eventually most of the metal vaporises.  
If the current rise is less than 2 μs, the time is too short even to make the mechanical 
distortion significant. The wire quickly becomes a liquid cylinder which superheats 
causing the temperature to exceed the boiling point of the metal and a foam of 
bubbles appear within the molten tube. This causes the explosive behaviour. Since 
there is still a conduction path, the temperature continues to rise, increasing the size 
of non-conductive bubbles. The cylinder changes to a column of gas with liquid 
droplets and there is no longer a continuous conduction path. Thus, the current flow 
ceases to a very low level for a short time. This pause in current is often referred to 
as the dwell time and the reasons for this period have been explored [56].  
When the wire starts to explode, the vapour column is under very high pressure which 
decreases rapidly as the gas expands. When the pressure is high, the molecules are 
too closely grouped so the mean free path of electrons is not big enough to cause 
impact ionisation of the molecules. As the gas expands, the mean free path increases 
until impact ionisation can occur. Ionisation eventually leads to the formation of a 
plasma channel (an arc) and a rapid increase in current [55]. 
The key parameter has been found to be the energy deposited into the wire relative 
to the energy required to vaporise the wire, starting from the melting temperature [57].  
Similarities can be made between explosive wire phenomenon and the processes 
leading to outgassing if one considers that contacts existing between the fastener and 
the CFRP may behave in the same manner. Thus, the formation of a descriptive 
hypotheses regarding the initiation of outgassing can be made: 
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 The current flow through contact asperities causes the temperature of the asperity 
to rise in proportion to the voltage across the asperity 
 If the voltage across the contact is below the melting voltage, current flow causes 
no phase change, and there is no initiation of subsequent outgassing processes8 
 If the voltage across the contact is above the melting voltage, material phase 
change can occur potentially leading to outgassing. 
 If the energy deposited into the contact is sufficiently high and the rate of 
deposition is sufficiently quick; the contact explodes into an arc plasma which 
initiates subsequent outgassing processes. 
2.5 Conclusions of reviewing existing understanding of outgassing 
Outgassing is an ejection of hot gas and molten particle debris caused by a large 
build-up of pressure within the joint because of activity at the fastener-to-structure 
interface.  
This extensive review stressed the significance of the fastener-to-structure interface 
on the generation of outgassing. However, it also indicated that there is very little 
evidence related to the fundamental reason for this significance.  
The subsequent review into the reasons for the significance of the interface showed 
that the mechanical properties of the interface results in a contact resistance between 
the fastener and structure that opposes the exchange of current between the 
contacting material. A large and sufficiently quick exchange of current through this 
contact resistance deposits significant energy. The energy absorbed by the contact 
resistance increases the temperature of the contact. The review of work in alternative 
fields then suggested that if the energy absorption is sufficiently large and sufficiently 
quick, the contact could explode into an arc.  
The experiments discussed in the following chapters investigate the influence of the 
fastener shank-to-CFRP contact in more detail to determine the electrical parameter 
that is associated with the generation of outgassing.  
 
                                               
8 Note: These processes contribute to the eventual outgassing characteristics that are 
observed and are secondary to the initial electrical creation of the cascading event 
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3 Development of a new voltage characterisation technique 
for use in LDE test environments  
3.1 Introduction 
The test sample in a high current lightning direct effects test forms part of a current 
loop in series with the other components of the current generator. A basic schematic 
of the circuit is provided in Figure 3-1, where the test sample is described by an 
inductor (Ls) in series with a resistance (Rs), Lg is the total generator inductance (inc. 
the test rig) and Rg is the total generator resistance (inc. the test rig). Cg is the total 
capacitance of a capacitor bank and Sg is a switch that releases energy from the 
capacitor bank after it is fully charged by the DC source. The high current generator 
is designed such that a specific current waveform within specification limits can be 
delivered to a wide range of test sample impedances. 
Lg
Rg
Cg
DC
Sg
Ls
Rs
Test sample
Vm
 
Figure 3-1: Basic circuit schematic of a typical high current generator with test 
sample    
The voltage drop across the test sample (shown by Vm in Figure 3-1) provides 
information regarding the sample’s electrical properties and how the electrical 
properties react to the injection current. This latter point is significant since high 
current lightning impulses can cause the electrical properties of a test sample to 
behave differently to when it is subjected to direct current or low current amplitudes. 
For instance, the resistance of the test sample may have a non-linear trend with 
current when it is subjected to high current levels because of electrical breakdown 
within the material or across interfaces. Additionally, the high rate of change of 
lightning current impulses can cause the inductive reactance of the test sample to be 
significant even for low (nH) sample inductances. 
The understanding of phenomena such as outgassing benefits from voltage 
characterisation across the test sample during the strike since it has been shown that 
the phenomenon is influenced by the fastener-to-structure contact interface [10], [13], 
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[25]. A voltage measurement can be used to derive the temporal evolution of the 
impedance and potentially the modification to a fastener contact resistance over time.  
Such analysis requires a robust voltage measurement which is difficult to achieve in 
a lightning direct effects test environment. Fast transient high current flow through the 
test sample leads to a strong and varying magnetic field near the measurement 
location increasing the likelihood of electromagnetic interference.   
The objective was to develop and assess voltage measurement techniques that 
satisfy the requirement of determining the voltage across a lightning direct effects test 
sample. A technique was then decided upon so that it could be utilised in the 
evaluations presented in the following chapters. 
3.2 Assessment of voltage measurement techniques 
3.2.1 Interference compensation technique (ICT) using off-the-shelf 
probes 
3.2.1.1 Implementation 
Passive oscilloscope probes cover a wide bandwidth that is complemented by the 
fact that they are inexpensive even for probes that are rated up to 5 kV. However, the 
physical geometry of commercial passive oscilloscope probes makes it difficult, if not 
impossible, to minimise the loop created by the reference lead. 
Due to the ease of obtaining passive oscilloscope probes at little expense, these 
probes were first trialled for their suitability in the LDE test environment alongside a 
suitable method of characterising the induced voltage on the measurement that is 
introduced by the measurement loop. 
Appendix E.2 discusses characterisation of the inductively coupled interference. The 
method was used to determine the inductively coupled interference on three voltage 
measurements located at different positions on an LDE test sample. Figure 3-2 is a 
diagram of part of the test sample where current is injected into a single test fastener 
in a CFRP laminate and exits via three return fasteners at the edge of the laminate. 
The test fastener and return fasteners are bolted to metallic plates. One CFRP 
laminate consisted of several adjacent test fastener and return fastener pairs. The 
paths of the three voltage components are illustrated in Figure 3-2 and were: 
1. Test fastener tab to adjacent test fastener tab (V1) 
2. Adjacent test fastener tab to adjacent test fastener return connection (V2) 
3. Adjacent test fastener return connection to test fastener return connection (V3) 
3-3 
 
 
Figure 3-2: Illustration showing part of a test sample and the locations of the three 
voltage measurements 
Figure 3-3 and Figure 3-4 are photographs of oscilloscope probes connected to the 
test sample. Six probes are visible, two probes for each voltage component, 
consisting of one probe for voltage measure (Vm) and one probe acting as a pick-up 
loop (Vn) as per the discussion in Appendix E.2. Table 3-1 summarises the equipment 
that was used.  
To keep the probes together as closely as possible, each pair of probes was taped 
together and their flying leads were twisted. A blue wire can be seen attached to the 
V2n probe. This wire was attached between the measurement clip and the reference 
clip, and followed the path of the test sample that is an identical path to that formed 
by the V2m probe. The V2n probe was not in electrical contact with the test sample. 
The same method of creating the pick-up loop was used for all three components.    
 
Figure 3-3: Photograph of oscilloscope probes connected to the test sample 
Alu. connection  Return 
fasteners  
CFRP 
laminate  
Test fastener  
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Figure 3-4: Close-up photograph of probes connected to the test sample 
Table 3-1: Summary of probes used for the three voltage components 
Voltage components Details of measurement probes used 
𝑉𝑚(1,3), 𝑉𝑛(1,3) 
Pintek CP-3308R: 2kV, 300 MHz, 100:1 passive oscilloscope 
probe (100 MΩ / 5.5 pf input impedance) 
𝑉𝑚(2), 𝑉𝑛(2) 
Lecroy PP-016: 600V, 300 MHz, 10:1 passive oscilloscope 
probe (10 MΩ / 12 pf input impedance) 
3.2.1.2 Evaluation 
It is explained in Appendix E.2 that the voltage induced on the pick-up loop for each 
voltage component is given by:  
𝑉𝑛(𝑡) = 𝑀
𝑑𝑖(𝑡)
𝑑𝑡
 (3-1) 
Characterisation of the current flowing through the sample can be used to prove this 
equation is true and provide an estimate of the mutual inductance for each pick-up 
loop. This can be achieved by extracting the rate of change of current from the current 
measurement and then curve-fitting the voltage measurement divided by a constant 
(M). 
Figure 3-5 shows the measured induced voltage on each of the three pick-up loops 
from a 100 kA D-component current waveform test. The figure also shows a plot of 
Cable used to 
create V2
n
 loop 
V2n probe 
V2m probe 
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the rate of change of current (𝑑𝑖 𝑑𝑡⁄ ) for the same test. To extract an adequate 
representation of 𝑑𝑖 𝑑𝑡⁄  such as that shown in the figure, the current waveform was 
filtered with a 100-order low pass filter with a cut-off frequency of 1 MHz.  
           (a) Induced voltage on loop 1           (b) Induced voltage on loop 2 
 
             (c) Induced voltage on loop 3       (d) Rate of change of excitation current 
 
Figure 3-5: Plots of the induced voltage on each of the three pick-up loops and the 
rate of change of current following low pass filtering (fc = 1 MHz) of a 100 kA D-
component waveform 
The mutual inductance (M) for each component was found by curve-fitting 
𝑉𝑛
𝑀⁄  to 
𝑑𝑖
𝑑𝑡⁄  determined from the filtered current. The value of M was first predicted and then 
optimised until both curves overlaid each other. The results are shown in Figure 3-6. 
The values of M1, M2 and M3 that produce the curves in the figure are 21 nH, 8 nH 
and 32 nH, respectively. 
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           (a) Period -10 µs to 150  µs                  (b) Period -10 µs to 50  µs 
 
           (c) Period -5 µs to 15  µs        
Figure 3-6: Overlays at three different timescales of the rate of change of current 
following low pass filtering (fc = 1 MHz) of a 100 kA D-component waveform and the 
induced voltage on each of the three pick-up loops divided by an assumed value of 
mutual inductance 
There is excellent agreement between all curves after 5 µs. Before this time, the 
agreement is not as good because the high frequency noise on the voltage 
measurement is significant and most noticeably, because of the error introduced by 
filtering of the current waveform. At the start of the current injection, the waveform 
quickly changes from zero to a significant current level which causes 𝑑𝑖 𝑑𝑡⁄  to reach 
a maximum in a very short time (a few sample points at 60 MHz sampling frequency). 
Filtering of the current slows down the time for 𝑑𝑖 𝑑𝑡⁄  to reach maximum and, 
therefore, introduces an error in the representation of 𝑑𝑖 𝑑𝑡⁄  during the first few µs. 
Thus, the ripple before 0 µs and the slow time to peak 𝑑𝑖 𝑑𝑡⁄  seen in Figure 3-6 is an 
artefact of digital filtering and not a true representation. 
Following consideration of the reasons for the poor agreement before 5 µs, it is 
demonstrated that the induced voltage on the pick-up loop follows Equation 3-1. As 
explained previously, the mutual inductance will vary from test to test because it 
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depends on the exact routing of the measurement leads. Therefore, the mutual 
inductance for each loop has been determined only for these specific tests.  
Figure 3-7 to Figure 3-9 show the time series measurements from each of the three 
voltage components for a 100 kA D-component strike to the test sample. Each figure 
consists of six subplots, 3 rows of subplots in 2 columns. The left column is over a 
timescale of -10 µs to 130 µs and the right column has a timescale between -1 µs and 
6 µs focusing on the impulse front. The top row of subplots is of the measurement 
signal, i.e. the measurement of the voltage drop across the test sample. The second 
row of plots is the measurement of the induced voltage on the pick-up loop. The 
bottom row of plots is the measurement signal minus the induced voltage on the pick-
up loop. 
  
Figure 3-7: V1 measurement (a, d), pick-up (b, e) and subtracted waveforms (c, f) on 
two different timescales for 100 kA D-component waveform strike  
 
Figure 3-8: V2 measurement (a, d), pick-up (b, e) and subtracted waveforms (c, f) on 
two different timescales for 100 kA D-component waveform strike 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(c) 
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Figure 3-9: V3 measurement (a, d), pick-up (b, e) and subtracted waveforms (c, f) on 
two different timescales for 100 kA D-component waveform strike 
The Vn signal follows the shape of 𝑑𝑖 𝑑𝑡⁄  as seen previously. High frequency noise 
can be seen early in both the measurement and pick-up loop signals. When 
inspecting the measurements on the short timescale (d, e, f), the signature of the high 
frequency noise on both measurements is in phase and almost identical.  
Following subtraction of the induced voltage from the measurement (c, f), the shape 
of the waveform is modified significantly. The induced voltage on the measurement 
signal causes the voltage to reach a peak value in less than 1 µs. Following 
subtraction, the peak voltage occurs much later and appears closer in time to the time 
of peak current. Although contaminated by high frequency noise, the reactive part of 
the voltage can still be seen in the subtracted waveform. Taking the V1 measurement 
as an example, the voltage increases to approximately 400 V almost instantaneously, 
and then follows a more gradual rise to peak voltage. This instantaneous rise is due 
to the genuine reactive component of the voltage which is present due to the sample 
inductance and not because of mutual coupling into the measurement chain. The later 
rise to peak voltage indicates that, for the 100 kA strike, the peak voltage is dominated 
by the resistive voltage drop across the sample and not the reactive component.  
Although the technique is not intended to cancel the high frequency noise and is 
mainly focused on compensating for the inductively coupled interference, it is 
encouraging to observe that the high frequency noise is in phase for both signals. 
Subtracting the pick-up loop signal has the effect of reducing the high frequency noise 
but a significant proportion remains, especially during the first few microseconds.  
Figure 3-10 to Figure 3-12 show the frequency domain representations of the three 
voltage components of a single strike. In each figure the two plots on the left show 
the single sided amplitude spectrum and the two plots on the right show only the 
higher frequencies above 1 MHz. The black traces are the measurement probes and 
the red traces are the pick-up loops. 
(c) 
(e) 
(a) 
(c) 
(b) 
(f) 
(d) 
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Figure 3-10: Single sided amplitude spectrum of V1, (a) = measurement, (b) = pick-up 
loop, (c) = measurement (1 MHz – 10 MHz), (d) = pick-up loop (1 MHz – 10 MHz) 
 
Figure 3-11: Single sided amplitude spectrum of V2, (a) = measurement, (b) = pick-up 
loop, (c) = measurement (1 MHz – 10 MHz), (d) = pick-up loop (1 MHz – 10 MHz) 
 
Figure 3-12: Single sided amplitude spectrum of V3, (a) = measurement, (b) = pick-up 
loop, (c) = measurement (1 MHz – 10 MHz), (d) = pick-up loop (1 MHz – 10 MHz) 
The figures show very good agreement between the spectrum of the measurement 
and pick-up loop signals. As was previously shown by the time domain waveforms, 
the high frequency noise picked up on both measurements is in very good agreement 
for the pairs of probes. This provides further evidence of the reduction in high 
frequency noise following subtraction. Further post-processing can be used to reduce 
the remnant HF noise by low-pass digital filtering the signals. 
(a) 
(b) 
(c) 
(d) 
(a) 
(b) 
(c) 
(d) 
(a) 
(b) 
(c) 
(d) 
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For convenience, this design of probe implementation shall be referred to as the 
interference compensation technique (ICT) design for the remainder of this chapter.  
3.2.2 Low interference voltage measurement technique using shielded 
twisted pair 
3.2.2.1 Design 
It has been discussed that passive oscilloscope probes are designed to cover a large 
bandwidth. However, their physical geometry makes positioning of the probes 
vulnerable to induced voltages. The geometry of the probes is such that the passive 
components are located near the probe head, and this is the reason for difficulty in 
reducing the measurement loop area. 
It is preferable to move the passive components to the oscilloscope end of the 
measurement leads so that the leads can be in direct contact with the device under 
test, minimising the loop area.  
If the signal is of low frequency, the attenuation of the probe can be achieved by only 
using a resistive divider because the frequency will not be high enough for the 
parasitic capacitance of the resistor, described in Appendix E.3, to short circuit the 
resistive divider. A circuit schematic for the alternative voltage probe is shown in 
Figure 3-13.  
OscilloscopeDUT
Rdiv1
CinRinRdiv2
Screened twisted pair
 
Figure 3-13: Circuit schematic of alternative voltage probe 
When connected to a 1 MΩ / 13 pF input impedance, the DC gain for a resistive 
divider consisting of Rdiv1 = 47 kΩ and Rdiv2 = 4.7 kΩ is approximately -20.8 dB using 
Equation (3-2).  
𝐴 =
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
=
1 𝑀Ω|| 4.7𝑘𝛺
47 𝑘Ω +  1 𝑀Ω||4.7 𝑘Ω
= 0.091 = −20.82 𝑑𝐵 (3-2) 
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The frequency response of the probe can be determined by Equations (E-6) and (E-
7). The analytical frequency response is plotted in Figure 3-14 using values of Rdiv = 
47 kΩ, CT = 2.5 pF (the parasitic capacitance of the Rdiv), cable capacitance of 
42.6 pF/m, cable length of 1 m with characteristic impedance of 100 Ω. 
 
Figure 3-14: Analytically-derived frequency response of the alternative voltage probe 
A probe was built using a 1 m long screened twisted pair cable with a resistive divider 
consisting of Rdiv1 = 46.81 kΩ and Rdiv2 = 4.694 kΩ. Figure 3-15 is a photograph of the 
probe. The resistors were of type SFERNICE RCMS1 with a voltage rating of 400 V. 
The cable was an AlphaWire 5471L foil screened twisted pair with voltage rating of 
300 Vrms. 
 
Figure 3-15: Photograph of alternative voltage probe 
The frequency response was determined by measuring a 5 V sinusoidal waveform at 
multiple frequencies between 1 Hz and 10 MHz. The measured frequency response 
is shown in Figure 3-16. The probe produced a flat frequency response with average 
of -20.9 dB and standard deviation of 0.01 dB between DC and 100 kHz. The -3 dB 
point is at approximately 300 kHz. This suggests that it is satisfactory to use this type 
of probe up to signal frequencies of 300 kHz. 
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Figure 3-16: Measured frequency response of the alternative voltage probe 
The frequency domain representation of a D-component lightning waveform 
produced in a laboratory is shown in Appendix E, which shows that 99% of the total 
energy appears at frequencies less than 50 kHz. Thus, the probe is capable of 
measuring voltages at the same frequency as the D-component lightning strike. 
Figure 3-17 shows plots of four probes of the same design that were used to measure 
the voltage across a resistive load with D-component lightning strike excitation. The 
attenuation of each probe is slightly different due to the tolerances of the resistors. 
The attenuation factors are provided in the figure caption.  
For convenience, this probe design shall be referred to as the screened twisted pair 
(STP) design for the remainder of this chapter.   
 
Figure 3-17: Comparison of 4 probes in parallel (v1 = 11.18, v2 = 11.16, v3 = 11.09, 
v4 = 11.11) 
3.2.2.2 Evaluation by comparison between STP design and ICT design 
Figure 3-18 shows a photograph of a 0.25 Ω high voltage resistor positioned in the 
MBLL test rig. The test was arranged to conduct a scaled D-component lightning 
strike waveform through the resistor. The voltage across the resistor was then 
measured using two methods to provide a simple comparison between the two 
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techniques. Firstly, a 100:1 oscilloscope probe was used with a second identical 
probe taped in parallel. The second probe was used as a pick-up loop with a wire 
connecting the probe terminals and followed the measurement path as closely as 
possible (as described previously). Secondly, a probe of the same design as that 
discussed in the previous section was used to measure the voltage across the 
resistor. The leads of this probe were kept short to reduce the size of the 
measurement loop.  
 
Figure 3-18: Photograph of measurement probes at a 0.25 Ω high voltage resistor 
Figure 3-19 shows plots of the three measurements. Subplot (a) is the 100:1 
oscilloscope probe voltage measurement across the resistor. Subplot (b) is that of the 
pick-up loop and the Subplot (c) is the voltage measured across the resistor by the 
STP design. 
 
Figure 3-19: Voltage measurement traces of the simple comparison, Vm of ICT (a), Vn 
of ICT (b), STP (c)   
Subplot (b) shows that there is interference present on the measurement, although 
the level of interference is not as severe as what was observed in previous sections. 
Nevertheless, the pick-up loop measurement was subtracted and compared with the 
measurement of the STP design. Figure 3-20 is an overlay of both traces.  
(a) 
(b) 
(c) 
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Figure 3-20: Overlay of ICT (black) and STP (red) 
The overlay shows very good agreement between the two methods. High frequency 
noise is present on both traces.Following the good agreement between techniques in 
the simple comparison tests, the probes were placed to measure the voltage between 
the current in and current out locations of the CFRP test sample discussed in section 
3.2.1 (refer to Figure 3-2 for current in and current out locations).  
Figure 3-21 is a photograph of the probes connected to the test sample. Visible in the 
photograph is the underside of the test fastener and the current return connection 
point. The voltage measurement is made across these locations. The two ICT probes 
can be seen, one of these probes is connected directly to the test fastener with its 
reference lead connected to the current return connection point. The other probe is 
used for the pick-up loop which is created by the blue lead in the picture that follows 
the path of the test sample. As previously discussed, this probe does not make any 
galvanic connection to the test sample.  
The STP probe is visible and the break in the screen can be seen very close to the 
surface of the test sample. The pairs follow a path that is touching the test sample 
with one of the pairs connected to the test fastener with a fixing clamp and the other 
connected to the current return connection point.  
The photograph illustrates the advantage of using the STP probe for minimising the 
pick-up loop area. Virtually, no loop area is created between the pairs and the test 
sample. It is evident that the geometry of the oscilloscope probes makes it impossible 
to minimise the loop area in this particular arrangement.  
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Figure 3-21: Photograph of test arrangement for comparison between ICT and STP 
The voltage ratings of the STP components suggest that for impulse voltage tests, it 
is dangerous to exceed a measurement voltage of 500 V due to the risk of electrical 
degradation or voltage breakdown. For this reason, the peak current was reduced to 
about 25 kA for these tests. Figure 3-22 is a plot of the current waveform.  
 
Figure 3-22: Current waveform used in the comparison 
Figure 3-23 shows the measurements from the STP, the ICT measurement probe 
(Vm) and the ICT pick-up loop (Vn). The Vm signal and the STP signal do not match 
either in terms of peak voltage or wave shape. The Vm signal leads the STP signal 
due to the presence of the inductively coupled interference which is significantly large 
from observation of the Vn trace. 
Figure 3-24 shows the same curve from the STP probe but, in this figure, the signal 
from the pick-up loop (Vn) has been subtracted from the Vm signal. I.e. the interference 
compensation technique (ICT) has been applied. The peak voltage and wave shape 
are now in excellent agreement. This confirms: 
Test fastener 
STP probe 
Blue cable 
forming pick-
up loop 
ICT probes, 
one for 
measure and 
one for pick-up 
Current return 
connection 
Clamp to fix 
STP lead to 
fastener 
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1. The absolute necessity to use a compensating probe to remove the inductively 
coupled interference from the measurement signal when using oscilloscope 
probes 
2. The effectiveness of using the STP design without any compensation to capture 
the peak voltage and wave shape of the desired signal.  
 
Figure 3-23: Plot of the voltage measurements from the three probes for a 25 kA peak 
current. STP design, Vm = measurement signal of ICT, Vn = pick-up loop of ICT 
 
Figure 3-24: Equivalent figure to Figure 3-23 (25 kA) but with the result of the 
subtraction of Vn from Vm (red curve) 
3.2.3 Discussion on suitability and limitations of ICT and STP 
techniques 
The evaluations carried out in this work showed the effectiveness of the ICT for 
compensation of the inductively coupled interference. However, the technique is very 
sensitive to the routing of the pick-up loop. Any slight deviation of the path of this loop 
from the path of the measurement loop will introduce error, so it is essential that care 
is taken to maintain the correct path. For this reason, extreme care is required to 
ensure the loops are equivalent and the results must be inspected following each 
measurement to ensure that adequate performance has been met.  
Due to the sensitivity of the result on the pick-up loop path, minimising the size of the 
measurement loop should always be a priority and utilisation of the compensation 
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technique should be a last resort when it has been deemed that inductively coupled 
interference is inevitable. 
The process of using multiple probes and accurately ensuring that the precise 
measurement loop is captured by the compensation probe is cumbersome and time 
consuming.  
For large LDE test campaigns consisting of multiple strikes, the set-up time of the 
voltage measurement becomes a large percentage of the total test campaign 
duration. Following repetitive test set-up procedures in a single test campaign, the 
natural tendency for the set-up precision of the operator to relax becomes a significant 
risk to the measurement accuracy. Therefore, an alternative technique where 
compensation is not required is desirable and is a considerable advantage of the STP 
technique. 
However, further observation of Figure 3-24 reveals that the STP technique has 
greater high frequency noise content especially during the rise time of the signal. 
Figure 3-25 provides closer inspection during the rise time.  
The greater high frequency noise of the STP technique is in part due to the secondary 
effect of the ICT that is associated with the reduction of high frequency (HF) noise 
already discussed in section 3.2.1. However, it is also associated with the specific 
design of the oscilloscope probe which is inherently less vulnerable to HF noise due 
to the additional components that are included (refer to Appendix E.3).  
 
Figure 3-25: Closer inspection of the HF noise during the rise time of the two 
techniques 
The simple design of resistive divider with twisted pair is not optimised for HF noise 
reduction. Although the method is effective at capturing the peak voltage and overall 
wave shape, the fact that there is a large amount of HF noise during the rise time is 
a limitation and could be a serious compromise for specific analysis, for example, for 
observations of a rapid change in the wave shape during the rise in voltage due to 
electrical breakdown activity. 
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A further limitation of the STP design is the upper limit of the measurement voltage. 
As previously discussed, the device could not be used for the full 100 kA D-
component strike because of the risk of the measurement voltage exceeding the 
voltage rating of the components. However, this limitation could be overcome by 
utilising similar components that have a greater voltage rating.   
To summarise, the evaluation revealed advantages and limitations of both 
techniques. The use of oscilloscope probes is superior in terms of high frequency 
noise suppression and the use of a secondary probe for inductively coupled 
interference compensation proved to be very effective. However, the need to position 
this second probe very accurately to capture the exact measurement loop is 
extremely important. This makes set-up of the apparatus time consuming and very 
cumbersome. For a small number of tests, the ICT design may be sufficient; however, 
for multiple tests, an alternative technique with reduced set-up time is highly 
desirable.  
The STP design does not require any compensation for inductively coupled 
interference and the geometry at the sample interface is much less cumbersome 
making it simple to install. However, the simplistic probe design is very susceptible to 
high frequency noise and is not sufficient for certain types of LDE evaluations. The 
design that was trialled also has a low voltage rating which makes it very limited for 
use in many LDE tests.  
The following section discusses an optimised probe design that aims to match the 
benefits of both techniques. 
3.3 An optimised technique for fastener voltage measurement 
The design objectives of the optimised probe were to obtain the major advantages of 
each of the previous techniques without the limitations. Those advantages being: 
a. Capability to characterise peak voltages up to 2000 V 
b. The ability to minimise the measurement loop to an extent where no inductively 
coupled interference compensation is required 
c. Low susceptibility to high frequency noise during the rise time of the measurement 
d. Quick and simple installation of the measurement device 
It has been previously discussed that the oscilloscope probe has specific elements in 
the design that make it superior at suppressing high frequency noise. Additionally, 
the probes used in the trials could measure voltages up to 2000 V. Therefore, the 
starting point for the design was to work on a technique that utilised an oscilloscope 
probe so that objectives (a) and (c) were easily met. The intention was then to 
implement a technique at the sample interface that meant the measurement loop 
could be minimised but without the need for a complicated connection interface. 
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For convenience, the design shall be referred to as the optimised voltage 
measurement technique (OVT) for the remainder of this chapter. 
3.3.1 Design 
The OVT design consists of the following components: 
 Oscilloscope probe (equivalent to probe used in ICT discussion above) 
 BNC plug adapter for oscilloscope probe 
 BNC socket with soldered short twisted pair leads 
 PCB type strip line 
The PCB type strip line was designed9 to connect to the test fastener and provide an 
extremely low profile path that could run along the base of the test sample to the 
return connection point. Figure 3-26 provides detail of the strip line design.  
 
Figure 3-26: Strip line design detail for 6.35 mm diameter fastener (dimensions in mm) 
The strip line was constructed of a copper-clad conductor and a Kapton insulator. At 
the fastener interface, the conductor forms a ring with one face free of insulation. This 
allows the strip line to be assembled with the fastener to enable a strong electrical 
contact with the bearing surface of the nut. Along the line, the copper is embedded in 
Kapton on both sides. The edge of the line again has one face of the conductor free 
of insulation which allows for a solder connection point.  
The 2 mm wide copper (610 g/m2) track is printed on a 51 µm thick, 4 mm wide base 
layer of Kapton. This, then, has a 25 µm thick, 4 mm wide cover layer of Kapton. The 
Kapton provides extremely high dielectric strength insulation. The cover layer has a 
dielectric strength of 303 kV/mm and the base layer has a dielectric strength of 
240 kV/mm. 
Figure 3-27 shows a diagram of the strip line assembled at a test fastener interface. 
The ring of the strip line has one face of copper exposed that makes electrical contact 
with the bearing surface of the nut. The line follows an extremely low profile along the 
test sample. This provides a negligible coupling effect into the measurement. The 
high dielectric strength of the Kapton provides very good electrical insulation between 
the copper track and the test sample. 
                                               
9 The PCB type strip line was designed by Matthew Jenkins (Airbus). The author of this thesis 
does not claim any contribution to this part of the design. 
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Figure 3-27: Assembly of the OVT at the test fastener interface 
The OVT was assembled onto the equivalent design of CFRP test sample that was 
used for the ICT/STP technique comparisons. Figure 3-28 is a photograph of the 
assembly at the current return connection interface. The path of the strip line is kept 
very close to the current return connection plate.  
Visible in this photograph is the short twisted pair lead that connects between the 
return connection plate and the end of the strip line. One of the pairs is soldered to 
the copper track and the other makes electrical contact with the connection plate via 
a clamped connection. The short twisted pair cable is then connected to a BNC 
socket. The twisted pair cable again ensures that the measurement loop is kept to a 
minimum.  
The BNC socket provides an interface to an off-the-shelf oscilloscope probe 
(equivalent to that used in section 3.2.1). Oscilloscope probes are often shipped with 
multiple connection adapters. In section 3.2.1, a flying lead was used to provide the 
reference connection. However, this can be replaced by a BNC plug adapter usually 
used for radio frequency (RF) type measurements. This is very advantageous 
because it removes the measurement loop created by the reference lead and its self-
inductance from inclusion in the measurement. The oscilloscope probe completes the 
measurement chain to a battery powered oscilloscope.  
Nut 
Washers Bolt 
Strip line 
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3.3.2 Measurement performance 
Following assembly onto the test sample, the OVT was trialled to measure the test 
sample voltage during both 25 kA and 100 kA D-component strikes. At 25 kA, the 
probe was utilised in parallel to both previous techniques for a comparison of 
performance against the ICT and STP designs. At 100 kA, the STP cannot be used 
due to the peak voltage limitation, so only the ICT design was used in parallel for 
comparison.  
Figure 3-29 shows measurements from the 25 kA strike. The amplitude of the 
measurements has been normalised to the peak value to plot the current waveform 
on the same figure. The figures show the OVT signal, the result of the ICT (Vm-Vn) 
and the STP signal.  
 
(a) Full acquisition time (b) Detail during rise time 
Figure 3-29: Overlay of the three measurement techniques and current waveforms for 
the 25 kA strike. Y-axis is normalised to peak amplitude. (Ref legend: Optimised probe 
= OVT design, Vm-Vn = ICT design, Bespoke probe = STP design) 
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Figure 3-28: Photograph of the OVT assembled to a CFRP test sample 
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The waveforms are in very good agreement. Figure 3-29 again shows the HF noise 
present on the STP signal that was observed previously. The OVT signal does not 
suffer from such susceptibility due to the incorporation of an oscilloscope probe along 
the measurement chain.  
Figure 3-30 and Figure 3-31 give the measurement signals from the 100 kA strike. 
Figure 3-30 shows the two curves of the ICT design. As observed during the analysis 
of the STP, before compensation, the measured signal of the ICT is far from the OVT 
signal due to the large component of the inductively coupled interference.  
 
Figure 3-30: Measurement waveforms of the optimised probe and oscilloscope probes 
(Vm and Vn) for a 100 kA D-component strike 
Figure 3-31 shows the comparison after subtraction of this interference from the 
measurement signal (Vm-Vn) and after compensation, the signals are much more 
aligned.  
  
Figure 3-31: Equivalent figure to Figure 3-23 (100 kA) but with the result of the 
subtraction of Vn from Vm (red curve). Scaled x-axis showing detail during the rise 
time (right) 
Even though both OVT and ICT use the same oscilloscope probes, the OVT has less 
HF noise. This is likely to be because of artefacts introduced by the method of 
compensation (subtraction of one signal from the other) in the ICT design.  
The overlay is not perfect and there is a slight mismatch between the two signals 
during the rising edge. Nevertheless, the comparison is more than satisfactory and it 
3-23 
 
can be said that the optimised probe produces excellent results that completely meet 
the objectives of the design.   
3.4 Conclusions 
Following appreciation of the different levels of interference that may exist in high 
current test environments, a robust voltage measurement technique was developed. 
The design is intended for characterisation of the voltage across a test sample 
between a test fastener and the corresponding current return connection for use in 
outgassing evaluations. 
Two techniques proved successful but had several competing advantages and 
limitations. The optimised voltage measurement technique developed in this work 
provides the following characteristics: 
 The capability to characterise peak voltages up to 2000 V 
 The ability to minimise the measurement loop to an extent where no inductively 
coupled interference compensation is required 
 Low susceptibility to high frequency noise during the rise time of the measurement 
 Quick and simple installation of the measurement device even in relatively 
complicated LDE test arrangements 
The technique was used for the LDE evaluations in the following chapters.  
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4 An investigation into the influence of the fastener shank-
to-structure interface: Experiment A 
4.1 Introduction 
The review of outgassing understanding in Chapter 2 indicated that the conditions at 
the fastener shank-to-structure interface, particularly the degree of contact, play a 
significant role in the formation of outgassing. Experiment A focused on this interface, 
utilising measurement equipment to correlate the outgassing intensity with the 
tightness of the fastener fit and the magnitude of lightning current crossing the 
interface. The intention was to add to previous work relating outgassing occurrence 
to the tightness of the fit, by drawing a direct relationship between the tightness and 
intensity.    
4.2 Objectives 
a. To determine the influence of fastener fit, fastener diameter and lightning current 
magnitude on outgassing intensity for a simplified fastened joint 
b. To observe the behaviour of the contact interface between a fastener and the 
surrounding CFRP structure due to lightning strike current 
4.3 Experimental design 
4.3.1 Test principle 
The principle of the experiment was to replicate a fastened structural CFRP joint but 
simplify its design to focus on the behaviour at the fastener-to-CFRP interface.   
The intention was to control the design of the test sample so that the contact interface 
between the test fastener and the surrounding CFRP was only at the shank region. 
This removes the added complexity at the countersink leaving a single interface 
between the fastener and CFRP that has a uniformly distributed contact force. Thus, 
the test sample consisted of a single CFRP laminate with a straight through hole at 
the location of the test fastener. 
The principle was to create a current path from the test fastener into the CFRP 
laminate via the contact interface. Current was injected into the fastener head and 
returned to the test rig via a connection at the edge of the test sample. This resulted 
in a simple electrical network, as shown in Figure 4-1. 
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Figure 4-1: Simple circuit schematic of the test sample with indication of the voltage 
measurement 
Three variables were used in the experiment:  
 Fastener fit 
 Fastener diameter 
 Current magnitude 
Fastener fit was varied by changing the hole diameter in the CFRP for a constant 
fastener shank diameter. As described earlier, a hole diameter greater than the shank 
diameter was classified as a clearance fit and a hole diameter less than the shank 
diameter was classified as an interference fit. Modifying the fastener fit modifies the 
contact force between the fastener and the surrounding CFRP.  
The fastener diameter was varied whilst controlling the fastener fit. The diameter was 
used as a variable because it modifies the contact area between the fastener and the 
CFRP. Thus, for a given level of current, an increase in fastener diameter reduces 
the current density at the contact interface.  
The current magnitude was varied by scaling the amplitude of a D-component current 
waveform. The amplitude of the D-component was varied by modifying the capacitor 
charging voltage for the current generator. This results in a modification to the 
amplitude of the waveform with no change to the time profile. The effect is a 
modification to the peak current, the action integral (∫ 𝐼2 𝑑𝑡) and the rate of change of 
current because the time at peak current does not change. 
4.3.2 Test matrix 
Table 4-1 is the test matrix for experiment A. The table is split to show the 
assignments to the fastener fit and fastener diameter variables. The current 
magnitude is a variable within those subsets.  
There are small modifications to the test sample and test rig designs between the two 
prime variables. These modifications are described in the following two sections. It 
means that test results cannot be directly compared across the two prime variables 
 
R
C1
 is the contact resistance between 
the test fastener and the CFRP  
R
C2 
is the contact resistance between 
the return fasteners and the CFRP 
R
CFRP
 is the resistance of the CFRP 
along the current path 
L
s
 is the inductance of the test sample 
between the input terminal and return 
connection 
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because of a potential latent variable. For example, attributes of the three variables 
are the same for test ID 1 and ID 12 but they are not repeat tests due to subtleties in 
the sample and rig design.  
Table 4-1: Experiment A test matrix 
Test 
ID 
Prime 
variable 
Laminate 
ID 
Laminate 
type 
Fastener 
diameter 
(mm) 
Fastener 
fit (mm) 
Current 
magnitude 
(kA) 
No. 
of 
tests 
1 Fit A A 6.35 +0.02 20 3 
2 Fit A A 6.35 +0.02 30 3 
3 Fit A A 6.35 +0.02 50 3 
4 Fit A A 6.35 +0.02 100 3 
5 Fit B A 6.35 0.00 20 3 
6 Fit B A 6.35 0.00 50 3 
7 Fit B A 6.35 0.00 100 3 
8 Fit C A 6.35 -0.02 20 3 
9 Fit C A 6.35 -0.02 50 3 
10 Fit C A 6.35 -0.02 75 3 
11 Fit C A 6.35 -0.02 100 3 
12 Diameter D B 6.35 +0.02 20 3 
13 Diameter D B 6.35 +0.02 50 3 
14 Diameter D B 6.35 +0.02 100 3 
15 Diameter E B 11.11 +0.02 20 3 
16 Diameter F B 11.11 +0.02 50 3 
17 Diameter F B 11.11 +0.02 100 3 
18 Diameter E B 11.11 -0.02 20 3 
19 Diameter E B 11.11 -0.02 50 3 
20 Diameter E B 11.11 -0.02 100 3 
21 Diameter G B 15.88 +0.02 5 2 
22 Diameter G B 15.88 +0.02 20 1 
23 Diameter G B 15.88 +0.02 50 3 
24 Diameter G B 15.88 +0.02 100 3 
25 Diameter H B 15.88 -0.02 20 3 
26 Diameter H B 15.88 -0.02 50 3 
27 Diameter G B 15.88 -0.02 100 3 
4.3.3 Test sample design 
The principle of the test sample design was the same for tests of all three variables; 
however, the test sample configuration was improved for tests of the fastener 
diameter variable. Therefore, the description is split into two sections to highlight the 
differences between the two designs.  
4.3.3.1 Details of the test sample for fastener fit/current magnitude 
Figure 4-2 shows schematic diagrams and photographs of a test sample. Each test 
sample consisted of two rows of six test fasteners positioned in a single cured 34 ply 
CFRP laminate. Each test fastener was paired with a dedicated current return 
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connection. When testing one of the twelve fasteners, the current generator was 
connected to a metal bracket in electrical contact with the test fastener and to another 
metal bracket that was connected to three fasteners at the edge of the test sample 
adjacent to the fastener under test. This was intentionally to limit the current 
distribution across the sample that could influence/condition other test fasteners. 
Supply side Return side 
  
(a) Sketch of top of test sample (b) Sketch of bottom of test sample 
  
(c) Photograph of top of test sample (d) Photograph of bottom of test sample 
Figure 4-2: Sketches and photographs of a typical Exp. A test sample 
Figure 4-3 shows sketches of the cross sections through the test fastener and current 
return fasteners.  
(a) Test fastener (b) Return fastener 
 
 
Figure 4-3: Sketches showing the cross sections of test fastener and return fastener 
Each test fastener was a countersunk fastener positioned through a metal current 
injection bracket. The bracket was separated from the CFRP laminate by a plastic 
spacer to avoid any direct current path from the metal bracket into the laminate; i.e. 
Nut cap
NutNon-conductive 
washer Slotted washer
Pressure sensor 
fitting
CFRP
Plastic spacer
Aluminium 
bracket
Fastener
Sealant
Plastic spacer
Plastic spacer
Aluminium plate
NutWasher
Fastener
Test fasteners Return fasteners 
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a current path that was not via the test fastener shank. The fastener was assembled 
into the laminate so that the current path from the fastener-to-laminate was entirely 
via the shank region. A non-conductive washer separated the bearing surface of the 
nut from the CFRP laminate, again to avoid a current path into the CFRP that was 
not via the shank region of the fastener. The outgassing diagnostic system was 
positioned at the base of the test fastener (detail provided in measurement section 
(4.3.5)) 
The three fasteners in each current return connection were protruding head fasteners 
in strong interference with the CFRP laminate. Plastic spacers were used to separate 
the head and nut of the fastener from the CFRP laminate to ensure that the electrical 
interface was only made at the shank region. An aluminium plate was located under 
the fastener head to provide the return connection with the test rig. Table 4-2 
summarises the test sample details.   
Table 4-2: Summary of test sample details for fastener fit/current magnitude 
Type Designation Additional info. 
CFRP material 
Hexcel M21E (variant) 
unidirectional preimpregnated 
CFRP  
 
GFRP material Hexcel M21 / 56% / 1080  
Laminate area 660x440 mm2  
Laminate thickness 8.636 mm 
34 plies  
[CPT=0.254 mm] 
Ply stacking sequence 
[±45/0/+45/90/-45/0/+45/02/-
45/90/+45/02/-45/0]S 
Plus 1 ply of GFRP (nut side) 
 
Fastener type EN6114  
Fastener substrate Ti-alloy 6AL-4V 
AMS4928 or 
AMS4967 
Fastener coating Sulfuric-acid anodizing (T-code) ISO8080 
Fastener diameter 6.35 mm (Diameter code 4)  
Fastener grip length 19.05 mm (Diameter code 12)  
Hole diameter Test variable 
Nominally -0.02mm, 
0.00mm, +0.02mm 
Nut cap type/volume Size 7 original 9.6 mL approx. 
Isolation washer Ohmite 6011E  
Slotted washer EADS IW 2013-IW-W1MJ 
Plastic spacer 
thickness 
5 mm PTFE 
Aluminium plate 
thickness 
3 mm  
Wet assembly  None  
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4.3.3.2 Modification of the test sample for fastener diameter/current 
magnitude 
Small changes were made to the test fastener and return fastener configurations for 
the fastener diameter/current magnitude tests, as shown below.  
(a) Test fastener (b) Return fastener 
 
 
Figure 4-4: Sketches showing the cross sections of the modified test fastener and 
return fastener assemblies  
The test fastener was changed to a protruding head equivalent and the aluminium 
bracket positioned under the fastener head was removed. The PTFE spacers and 
non-conductive washers on both test fastener and current return connection were 
changed to a harder non-conductive material which was a type of glass fibre 
reinforced plastic.  
There was also a change to the variant of Hexcel M21E material which is very unlikely 
to influence the test results and a modification to the ply lay-up so that the laminate 
was made to be quasi-isotropic; i.e. equal number of plies in each of the four 
directions. Table 4-3 summarises the changes. 
Table 4-3: Change of test sample details for fastener diameter/current magnitude 
Type Designation Additional info. 
CFRP material 
Hexcel M21E (variant) 
unidirectional preimpregnated 
CFRP  
Different variant to 
fastener fit tests 
Ply lay-up 
[±45/03/±45/90/±45/90/±45/902/0]S 
Plus 1 ply of GFRP (nut side) 
 
Fastener type EN6115  
Fastener diameter Test variable 
6.35 / 11.11 / 15.88 
mm 
Fastener grip length 19.05 mm (Diameter code 12)  
Nut cap type/volume 9.6 mL approx. 
Dimensions changed 
with fastener size to 
maintain a constant 
containment volume 
Hole diameter Test variable 
Nominally -0.02mm, 
+0.02mm 
Isolation 
washer/spacer 
Tufnol 10G/40 Epoxy glass fabric 
Slotted washer 
Surface treated with APTICOTE 
Keronite 3000 
MJJ-PRO-001 
 
 
Nut cap
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4-7 
 
4.3.4 Test rig design 
Figure 4-5 is a photograph of the test sample located in the test rig for the fastener fit 
tests. The test rig is the standard MBLL flat panel test rig that was adapted to 
accommodate the test samples. The test sample was supported by plastic legs above 
the high voltage plate (6). Two cables connected the high voltage plate to a metallic 
bracket in contact with the test fastener (5). The current returned via a cable between 
the current return connection plate and the current return plate (1) located at the top 
of the rig. The measurement equipment was stored in a shielded box (3) underneath 
the high voltage plate (6). The cables from the measurement devices passed through 
a large opening in the high voltage plate and into the box via a chimney at the top. 
 
Figure 4-5: Test sample positioned in test rig for fastener fit tests 
Several improvements were made to the test rig by staff at MBLL after the fastener fit 
tests to accept the modifications made to the test sample and to improve the signal 
quality of the measurements. Figure 4-6 is a photograph of the test sample positioned 
in the test rig for the subsequent fastener diameter tests.  
(2) Test 
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(3) Diagnostics 
cabinet 
(1) Current 
return plate 
(6) High 
voltage plate 
(5) 
Connection 
to test 
fastener 
(4) Current 
transformer 
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Figure 4-6: Test sample positioned in the test rig for the fastener diameter tests 
The rig polarity was reversed so that the top plate in the test rig became the high 
voltage plate and the cables from the measurement equipment passed through the 
return plate into the diagnostics cabinet. Figure 4-7 is a close-up photograph of the 
connections to the test sample.  
 
Figure 4-7: Close-up photograph of the connections to the test sample 
A direct electrode contact was made to the head of the fastener because of the 
removal of the metal bracket that contacted the fastener head in the earlier sample 
design. Figure 4-7 shows a black shroud hiding the electrode contact with the fastener 
head. This was used to mask any spark activity that may be ejected from the electrode 
Current 
return plate 
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HV electrode Test sample 
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Current 
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return 
connection 
Current 
transformer 
Passage for 
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leads 
HV electrode 
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contact at the fastener head which would be visible on the measurement imagery. 
The sparks would be of no interest to the tests and would potentially disrupt the region 
of interest. The principle of the electrode contact is shown in Figure 4-8. 
 
Figure 4-8: Photograph of electrode in contact with a protruding head fastener 
4.3.5 Measurements 
Table 4-4 is a summary of the measurements taken in the experiment. Further details 
of these measurements are provided in the following subsections. Figure 4-9 is a 
photograph of some of the measurement devices particularly that of the outgassing 
diagnostic system, connected to the test sample. 
Table 4-4: Summary of experiment A measurements 
Measurement Measurement type Details 
Drilled hole diameters Pre-test Bore gauge 
Fastener shank diameters Pre-test Micrometre 
Fastener-to-return 
resistance 
Pre-test and post test See section 4.3.5.1 
Current In-strike See section 4.3.5.2 
Voltage In-strike Refer to chapter 3 
Outgassing intensity: 
pressure 
In-strike See section 4.3.5.4.1 
Outgassing intensity: light In-strike See section 4.3.5.4.2 
Still imagery In-strike See section 4.3.5.5 
 
Figure 4-9: Photograph of measurement apparatus connected to the test sample 
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4.3.5.1 Resistance measurement at low current 
This measurement was used to provide the steady state resistance of the sample 
before and after lightning strike tests; i.e. the magnitude of current was not high 
enough to cause any modification to the resistance during the measurement. 
A Hewlett-Packard 3458A digital multi-meter was used to measure resistance. Two 
leads were used to subject a small current (<1 A) through the test sample and another 
two measurement leads were used to measure the voltage across the test sample. 
Current was injected into the test fastener at the same location as where the high 
voltage electrode was positioned during the lightning strike test and current was 
extracted from the current return connection. This ensured that the probe tips were 
always in contact with a metallic component. However, it meant that the resistance 
measurement was a summation of multiple resistances as depicted by the circuit 
schematic in Figure 4-10, where RCt is the contact resistance between the test 
fastener and the CFRP test laminate (the fastener-to-structure interface), RS is the 
bulk CFRP laminate resistance and RCr is the contact resistance between the return 
fastener and the CFRP test laminate; i.e. the fasteners that connect the metallic 
electrode at the current return connection to the CFRP.  
RCr RS RCt
DC
V
 
Figure 4-10: Circuit schematic of test sample resistance measurement 
4.3.5.2 Measurement of the generator current 
The generator current (total current injected into the test sample) was measured at 
two different locations.  
The first location was the standard location used by MBLL for all current waveforms 
generated by the D-component capacitor bank. The location is referred to as the main 
bank current measurement. The measurement device was a Pearson 3880 current 
transformer with a ratio of 0.001 V/A and was situated outside of the test chamber. 
The output of the current transformer was taken to a National Instruments PXI-5105 
data acquisition card sampled at 60 MS/s. 
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The second location was inside the test chamber at the high voltage electrode inside 
the flat panel test rig. This location is referred to as the rig current measurement. The 
measurement was made with a second Pearson 3880 current transformer with a ratio 
of 0.001 V/A. The output of the current transformer was taken to a Tektronix 
TDS3034S battery powered oscilloscope. The sampling rate depended on the 
evaluation but was usually configured to match the sampling rate of the voltage 
measurement.  
The current was used to provide a synchronisation pulse transmitted to all other data 
acquisition devices. This ensured that all measurements were synchronised to the 
timing of the current injection waveform. The synchronisation was triggered by using 
a Rogowski coil at the output of the D-bank. The output of the coil was connected to 
a triggering system that generates a 0.5 s square pulse when the voltage output of 
the coil exceeds a threshold value. 
4.3.5.3 Resistance measurement at high current 
The resistance at high current was determined from measuring the voltage between 
the test fastener and current return connection. Voltage was measured using the 
method discussed in Chapter 3. The method provided measurement waveforms of 
equivalent performance to that shown in section 3.3.2. This voltage and the 
measurement of current injected into the sample provides the resistance 
measurement at high current.  
Unlike the low current resistance measurement, the high current applied during the 
lightning strike test causes the resistance of the test sample to change during the 
strike. This change is principally due to the modification of the contact resistance 
between test fastener and the CFRP interface, which was the required observation.   
However, the bulk CFRP sample resistance can also modify due to high current flow 
because of the temperature dependence of the electrical resistivity. The bulk CFRP 
resistance for the test samples was sufficiently large that the total resistance was not 
sensitive to the small change caused by the thermal modification of the resistivity. 
4.3.5.4 Outgassing intensity characterisation 
Outgassing intensity was characterised by an outgassing diagnostic tool that is 
proprietary of Airbus [58]. The tool provides a quantitative measure of outgassing 
using two measurements of its time dependent characteristics – pressure and light. 
Thus, the intensity of the event was characterised by the pressure of gas and the 
brightness of incandescent products that were released from the joint.  
Figure 4-11is a schematic diagram of the outgassing diagnostic tool situated on a test 
joint.  
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Figure 4-11: Schematic diagram of outgassing diagnostic tool 
The components of the system are as follows: 
 Nut cap: The nut cap was a hollow plastic cap that was bonded to the base of the 
CFRP laminate surrounding the test fastener. Its purpose was to create a sealed 
containment volume for the outgassing so that its characteristics could be 
measured.   
 Insulating washer: An insulating washer provided electrical insulation between the 
base of the laminate and the metallic components (slotted washer and nut). The 
material was a glass fibre reinforced epoxy. 
 Slotted washer: The slotted washer was an aluminium washer that included a 
1 mm deep and 1.5 mm wide channel through the surface in contact with the 
insulating washer. The channel extended from the inner diameter to the outer 
diameter. The purpose of the washer was to disable the containment effect of the 
nut so that outgassing had a relatively free path to travel from inside the joint to 
the nut cap.  
4.3.5.4.1 Pressure measurement 
The pressure within the containment volume was measured at the base of the cap 
using a Kistler 601A piezoelectric pressure sensor (ref: Table 4-5).  The output of the 
sensor was fed to a Kistler 5108 charge amplifier that converted the charge to a 
voltage. The output of the charge amplifier was measured using a Tektronix 
TDS3034S oscilloscope. The voltage measured by the oscilloscope was then 
converted to pressure in units of Bar. Pressure was sampled at 50 kHz. 
The pressure measurement was checked for electrical interference prior to the 
commencement of tests by conducting a short circuit evaluation of the test 
configuration. Electrical interference was observed only during the switching time of 
the high current generator. This period ends during the time to peak current (<15 μs), 
whereas, the time to peak pressure was typically at least an order of magnitude later. 
Test fastener
CFRP laminate
Slotted washer
Pressure 
sensor
Optical fibres
Nut cap
Test rig electrode
To current 
return 
connection
Voltage probe
Insulating washer
To current 
return 
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At a sample rate of 50 kHz, the measurement was not compromised by this electrical 
interference.     
Table 4-5: Pressure sensor specification 
Manufacturer Kistler 
Model 601A 
Pressure range 0 to 250 Bar 
Overload pressure 2 x peak pressure = 500 Bar 
Frequency response 30 kHz 
Temperature stability 0.0001% /K (0.01 Bar) 
Linearity ≤ ±0.5% of full scale output 
Operating temperature range -196 to 200 °C 
4.3.5.4.2 Light measurement 
Light transmitted through the walls of the nut cap was measured using photodiodes 
(Table 4-6) via fibre optic cables. The cables were positioned using a bespoke cable 
mount so that it directly faced the surface of the cap at a very short distance. The 
photodiode specification is shown below.  
Table 4-6: Photodiode specification 
Photodiode Wavelength Gain Rise Time Vout 
PDA10A-EC 200-1100nm (UV - Vis) 5 kV/A 2.3ns 0-5V 
PDA10CF-EC 800-1700nm (Near IR) 5 kV/A 2.3ns 0-5V 
 
The output was connected to a National Instruments PXI-5105 data acquisition 
device. The system can sample the light intensity at a maximum rate of 60 MHz but 
the rate was adjusted depending on the evaluation. 
4.3.5.5 Still imagery 
For all high current tests, still imagery was used to capture light from any sparks 
occurring from the test sample. The camera settings are shown in Table 4-7. A Nikon 
digital SLR D700 camera was used with a 70-300 mm optical lens. For each test, a 
photograph was taken prior to the strike with lights on in the test chamber, a repeat 
photograph with lights off in the test chamber and a photograph taken during the 
strike. The camera was triggered prior to the strike and the exposure time remained 
for 6 seconds. This ensured that all light from any spark activity was captured by the 
camera. 
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Table 4-7: Camera settings for still imagery 
Camera model NIKON D700 
F-stop F/22 
Exposure time 6 secs 
ISO speed ISO-500 
Exposure bias 0 step 
Focal length 300 mm 
Max aperture 5 
Metering mode Pattern 
Flash mode No flash 
35 mm focal length 450 
Image dimensions 2784 x 1848 pixels 
4.4 Data analysis 
4.4.1 Influence on outgassing intensity 
The intensity of outgassing was characterised by the peak in the pressure 
measurement. Thus, a greater peak pressure corresponds to a more intense 
outgassing event. Figure 4-12 shows three scaled D-component current waveforms 
that were applied to 6.35 mm diameter fasteners in clearance fit. The figure also 
shows the measured pressure for those tests. 
(a) Scaled current waveforms (b) Pressure measurements 
 
Figure 4-12: Typical scaled current waveforms (a) with corresponding pressure 
measurement (b) for 6.35 mm diameter fasteners in clearance fit 
The shape of the pressure waveform is typical of all tests. There is a quick increase 
in pressure followed by a slower decrease that ends in a static pressure due to the 
sealed containment volume of the cap. Peak pressure always occurs much later than 
the time to complete the current excitation. The figure indicates that greater current 
amplitude results in greater peak pressure.  
Figure 4-13 and Figure 4-14 are plots of the peak pressure against the nominal peak 
current. The mean pressure of repeat measurements is plotted with bars indicating 
the maximum and minimum pressures of the repeats.  
Figure 4-13 shows the relationship between peak pressure and peak current for tests 
of the fastener fit sub-set. The points are coloured according to the fastener fit. Within 
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the points for each fastener fit, peak pressure is related to peak current whereby 
greater current magnitude results in greater peak pressure. This is true for all samples 
except for the samples with +0.02 mm fit, tested at 30 kA. For this fastener fit, the 
peak pressure at 30 kA was equivalent to 50 kA. This was not due to an anomaly 
because all three repeat tests behaved the same. It is not clear why the peak pressure 
would be the same at this fastener fit when the current level is so different and further 
studies are required to understand the cause.   
 
Figure 4-13: Mean peak pressure vs nominal peak current for samples of the fastener 
fit sub-set (bars indicate absolute range of the measured values) 
Figure 4-14 shows the relationship between peak pressure and peak current for tests 
of the fastener diameter sub-set. The points are coloured according to the fastener 
diameter. Within each fastener diameter, it can be seen that there is again a strong 
relationship between peak pressure and current magnitude.  
 
Figure 4-14: Mean peak pressure vs nominal peak current for samples with a +0.02 
mm fastener fit of the fastener diameter sub-set (bars indicate absolute range of the 
measured values) 
Figure 4-13 and Figure 4-14 provide evidence that subjecting a fastener to a greater 
current magnitude results in more intense outgassing. Figure 4-15 shows the 
relationship between peak pressure and fastener fit. The points are coloured 
according to the current level that was injected into the fastener.  
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Figure 4-15: Mean peak pressure vs fastener fit for samples of the fastener fit sub-set 
(bars indicate absolute range of the measured values) 
All three fastener fits were tested at 50 kA and 100 kA. Observation of points at these 
current levels indicates an increase in peak pressure when the fastener fit tends from 
-0.02 mm to +0.02 mm; i.e. when the hole diameter increases relative to the fastener 
diameter or when the fit moves from interference to clearance. The plot reveals 
evidence that increasing the interference level of a fastener in a drilled hole, 
decreases the intensity of outgassing. 
Figure 4-16 shows the relationship between peak pressure and fastener shank 
diameter. The points are coloured according to the current level that was injected into 
the fastener.  
 
Figure 4-16: Mean peak pressure vs diameter for samples with a +0.02 mm fastener fit 
of the fastener diameter sub-set (bars indicate absolute range of the measured 
values) 
Very little outgassing occurs for all fastener diameters at 20 kA. However, the peak 
pressure decreases substantially at 50 kA and 100 kA when the fastener shank 
diameter increases. At 100 kA, the mean peak pressure for a 6.35 mm diameter 
fastener is more than 3 times that of a 15.88 mm diameter fastener. The figure 
provides evidence that a smaller fastener diameter results in an increase of 
outgassing intensity for a given current level. 
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Figure 4-17 shows the relationship between peak pressure and apparent current 
density at the surface of the fastener shank for the two fastener fits.  
 
Figure 4-17: Mean peak pressure vs apparent current density for samples of the 
fastener diameter sub-set (bars indicate absolute range of the measured values) 
The calculation of current density at the surface assumes that current is uniformly 
distributed across the surface of the fastener shank in contact with the CFRP. It has 
been called ‘apparent’ current density because the ‘real’ electrically conducting 
surface area is not defined by the surface area of the shank that appears to be in 
contact with the CFRP. The calculation for apparent current density is thus: 
𝐽𝑆 = 𝜋𝜙𝑠ℎ𝑆𝐼𝑃 (4-1) 
where, 𝐽𝑆 is the apparent current density at the fastener surface, 𝜙𝑆 is the fastener 
shank diameter, ℎ𝑆 is the depth of the shank that appears to be in contact with the 
CFRP inside the hole and 𝐼𝑃 is the nominal peak current. 
The reason for the relationship between outgassing intensity and fastener diameter 
can be suggested from Figure 4-17. Within each fastener fit, it is clear that an increase 
in the apparent current density at the fastener-to-structure interface corresponds to 
an increase in the outgassing intensity. The larger fastener surface area reduces the 
current density at the contact interface resulting in less intense outgassing. 
The figure again reveals the influence of fastener fit since within each fit there is the 
same relationship between peak pressure and apparent current density. However, at 
the same apparent current density, a larger hole diameter relative to the fastener 
shank diameter results in higher peak pressure.  
4.4.2 Behaviour of the electrical contact interface during the strike 
Figure 4-18 shows how the fastener fit modifies the measurement of the resistance 
taken before the strike. The measurement is across the resistive network shown in 
Figure 4-1. Of the three series resistances in the measurement chain, the fastener fit 
only modifies the contact resistance between the fastener shank and the CFRP, so 
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the figure shows the difference in fastener-to-CFRP contact resistance caused by the 
fastener fit.  
Figure 4-18 is a box plot. There is a box for each fastener fit. The outer edges of each 
box show the 25th and 75th percentiles of the data. The line inside each box represents 
the median value and the whiskers extend to cover ±2.7 standard deviations. Any 
data outside the whiskers is plotted individually.  
 
Figure 4-18: Boxplot of pre-strike resistance for 6.35 mm diameter fasteners of the 
fastener fit sub-set 
The pre-strike resistance increases when the hole diameter increases relative to the 
fastener diameter; i.e. the contact resistance of a clearance fit fastener is greater than 
an interference fit fastener. The mean value of the clearance fit fasteners is 219 mΩ 
and the mean value of the interference fit fasteners is 21 mΩ, meaning that a 
difference in the fastener fit of just 40 μm causes the mean contact resistance to 
change by a factor of 10.  
The increase in contact resistance as fit is relaxed was expected. The contact force 
between the fastener and the surrounding CFRP is greater for an interference fit 
fastener than a clearance fit fastener, and it is known (ref. Chapter 2.4) that contact 
resistance has an inverse relationship with contact force.  
The variation in the measured resistance also increases when the fit is relaxed. The 
clearance fit fastener has much greater scatter in the measurement for samples that 
are nominally the same than that of the interference fit fasteners. An explanation for 
this could be due to the centricity of the fastener in the hole being uncontrolled when 
assembling the test samples. The fastener shank is free to move inside the hole 
relative to the central axis during assembly. It can be expected that the centricity of 
the fastener can have greater variation from sample-to-sample when the fastener hole 
diameter increases relative to the shank diameter. This in turn would cause a variation 
to the contact force and the real electrical contact area which modifies the contact 
resistance from sample-to-sample. 
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Figure 4-19 is a parallel plot that shows how the resistance measured before the test 
compares to the resistance at the time of peak current. The latter measurement has 
been taken by dividing the voltage measurement recorded during the strike at the 
time of peak current by the corresponding measurement of peak current. At the time 
of peak current, 𝑑𝑖 𝑑𝑡⁄  is zero and, thus, the reactive component of the voltage drop 
across the sample is also zero. This means that dividing the voltage by the current at 
peak current returns only the series resistance and, thus, the value can be directly 
compared to the resistance measured before the test.    
 
Figure 4-19: Resistance measured before the test and during the test at the time of 
peak current for 6.35 mm diameter fasteners of the fastener fit sub-set 
For all samples, the resistance measured before the test decreases by the time of 
peak current. The range in resistance values of all samples before the tests is 694 mΩ 
whereas, at the time of peak current, it is just 5.7 mΩ. The higher the resistance before 
the tests, the larger the decrease in resistance will be by the time of peak current. 
Thus, the interface of the clearance fit fasteners is significantly modified by the current 
injected and modified much more than that of the interference fit fasteners.  
The observation means that the total energy absorbed by the contact cannot be 
calculated by simply taking the integral of the current waveform multiplied by the pre-
strike contact resistance. It is necessary to use the time dependant evolution of the 
contact resistance within the energy calculation. This calculation is performed as part 
of the analysis of experiment B later in Chapter 5. 
Figure 4-20 shows the resistance at peak current of the fastener diameter subset 
using the +0.02 mm fit fasteners. The mean value of the repeats are plotted with a 
bar showing the extremes of the data. 
The very small length of the bars shows that the resistance at peak current is 
consistent for repeat tests whereas the previous figure showed a large variation in 
the measurement before the tests at this fastener fit.   
4-20 
 
 
Figure 4-20: Mean resistance at peak current vs nominal peak current for +0.02 mm fit 
fasteners of the fastener diameter subset (bars indicate absolute range of the 
measured values) 
The previous figures showed that there was a decrease in the contact resistance from 
its pre-strike condition during the strike. This figure shows that the value that it 
decreases to depends on the magnitude of current applied. The shape on the curve 
implies that as the current magnitude increases the amount of change decreases. 
The resistance tends to the bulk CFRP sample resistance which is involved in the 
measurement. 
The relationship between resistance at the time of peak current and the magnitude of 
peak current is the same for each fastener diameter. However, the curves are shifted 
so that a larger diameter has less resistance than a smaller diameter. The reason for 
this is due to the sample geometry and it is not associated with the contact resistance. 
The sample size is the same for each fastener diameter. Therefore, a larger diameter 
fastener has less CFRP involved in the current path than a small diameter fastener. 
For simplicity, it can be assumed that a test sample consists of a circular CFRP 
sample with a single central test fastener. The bulk CFRP sample resistance can be 
calculated by: 
𝑅𝑠 =
1
2𝜋𝜎𝑐𝑑
ln (
𝑅2
𝑅1
) (4-2) 
where, 𝜎𝐶 is the CFRP conductivity, d is the thickness of the laminate, R1 is the radius 
of the fastener shank and R2 is the radius of the CFRP laminate.  
Using this equation, the resistance of the sample with an 11.11 mm diameter fastener 
would be 1.21 times more than that with a 15.88 mm diameter fastener when both 
thickness and conductivity of the two bulk materials are the same.  
The mean resistance of the 50 kA points for the 11.11 mm diameter and 15.88 mm 
fasteners are 9.4 mΩ and 8.4 mΩ, respectively. Similarly, the mean resistance of the 
100 kA points are 8.4 mΩ and 7.5 mΩ. Therefore, the resistance of the 11.11 mm 
diameter fasteners is 1.12 times greater than that of the 15.88 mm fasteners.  
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Thus, it is reasonable to suggest that the difference between the fastener diameters 
that is observed in the figure is caused by the difference in the bulk CFRP sample 
material when using the two different fastener diameters with the same test sample 
geometry.   
4.5 Summary of contributions from Experiment A 
Outgassing intensity is related to: 
 the magnitude of current injected into the fastener – greater magnitude of current 
injected results in greater outgassing intensity 
 the fit of the fastener in the hole – greater hole diameter for a given shank diameter 
results in greater outgassing intensity 
 fastener shank diameter because of a relationship between outgassing intensity 
and current density at the shank-to-structure interface – greater current density at 
the interface results in greater outgassing intensity 
The contact resistance at the fastener shank-to-structure interface: 
 is related to the fit of the fastener in the hole – larger hole diameter for a given 
shank diameter results in higher contact resistance 
 changes during the current excitation period – at the time of peak current, the 
contact resistance is significantly reduced from its initial pre-strike value 
 has more modification from its initial state when the initial contact resistance is 
higher – for a given magnitude of current, the modification of the contact interface 
is larger when the initial contact resistance is higher  
 at the time of peak current is related to the current magnitude – higher magnitude 
of current results in a larger decrease in the contact resistance 
Notes regarding the above statements: 
 Current magnitude has been stated rather than current amplitude or peak current 
because scaling the D-component waveform to increase peak current also 
increased the action integral. Table 4-8 provides the action integral for three of 
the scaled D-component current waveforms used in the experiment. For this 
reason, it should not be assumed that relationships that have been determined 
are specifically the result of current amplitude because it is possible to obtain a 
waveform with the same peak current but a different action integral and vice-
versa.   
Table 4-8: Corresponding action integral for scaled D-components 
Peak current (kA) Action integral (A2s) 
20 9.22 x 103 
50 54.5 x 103 
100 243 x 103 
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 Statements are derived from an experiment in which other design parameters that 
may influence outgassing intensity have been controlled. For example, the 
thickness of the laminate was not varied. If the thickness was varied for a constant 
fastener diameter, the current density at the shank-to-structure interface is 
expected to vary. By reference to the third statement, the outgassing intensity 
should increase with increasing current density. However, the variation of 
laminate thickness may have an inverse result on the outgassing intensity by 
means of mechanical confinement of outgassing products within the interface. 
Therefore, care should be taken in the application of these statements when 
design parameters are varied outside of the boundaries of this experiment.  
4.6 Conclusion 
The evaluations discussed in this chapter confirmed literature evidence that has 
shown that the occurrence of outgassing is related to the nature of the fit of the 
fastener shank inside the structure. 
The most significant contributions from these evaluations stems from the use of 
diagnostics to characterise the intensity of outgassing. This has enabled observation 
of the relationship between outgassing intensity and three controlled variables. The 
three relationships are summarised as: 
 A greater hole diameter relative to the fastener shank diameter results in 
increased outgassing intensity for a fixed current magnitude 
 A greater magnitude of lightning current exchange across the fastener shank-
CFRP interface results in increased outgassing intensity for the same interface 
conditions 
 A greater current density at the fastener shank-CFRP interface results in 
increased outgassing intensity for the same interface conditions 
Outgassing intensity cannot be explained by current magnitude alone because it is 
influenced by a combination of both current magnitude and a factor related to the fit. 
This is investigated further in the next chapter. 
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5 Determination of the main electrical parameter controlling 
outgassing by-products: Experiment B 
5.1 Introduction 
Experiment A confirmed literature evidence of the significance of the fastener 
interface conditions and provided several significant contributions relating the 
electrical conditions at this interface to outgassing intensity. In particular, it was shown 
that the peak outgassing pressure is related to the tightness of the fastener shank 
inside the structure and the magnitude of peak current that is exchanged across the 
interface. However, the main electrical parameter that controls the outgassing 
intensity was not concluded from Experiment A. This parameter is required for use as 
the controlling parameter in design optimisation. 
Experiment B was a bespoke experiment that did not use fastened joints but included 
a representation of the metal-to-CFRP interface that enabled finer control of the 
electrical conditions. This allowed enhanced characterisation of the electrical 
properties at the interface during the exchange of lightning current.   
The test arrangement was designed for accurate control of the contact force and 
observation of spark ejection very near to the interface. This enabled observation of 
the dynamic nature of the contact resistance and how it relates to the magnitude of 
spark ejection.  
The level of lightning strike current was varied with the intention of determining the 
main electrical driving factor that causes the modification of the interface and thus, 
spark ejection. 
5.2 Objective 
To determine the electrical driving factor for the creation of outgassing, thus finding 
the reason for the significance of the fastener-to-structure interface. 
5.3 Experimental design 
5.3.1 Test principle 
The principle of Experiment B was to isolate the metal-CFRP contact interface so that 
parameters that modify the electrical conditions at the interface could be varied and 
characterised. This involved a simple CFRP test coupon that was manufactured so 
that it provided a consistent planar interface with a metallic electrode. The CFRP 
surface was machined to provide a similar surface topography to that of a drilled 
CFRP hole. Although it had physically different geometries, the electrode-to-CFRP 
interface was representative of the fastener shank-to-CFRP interface. A test rig was 
designed so that the contact force at the interface could be varied and the applied 
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force could be measured. Varying the contact force at the electrode-to-CFRP 
interface provides a comparison with varying the fit in a fastened joint.  
The experiment involved low current and high current evaluations. The low current 
evaluation was to obtain the pre-strike resistance relationship with applied force. The 
high current evaluation was to observe the modification to the pre-strike resistance 
during the strike and the influence on spark generation.  
Applied force was varied by utilisation of the bespoke test rig to close the metal 
electrodes onto the CFRP surface. Current magnitude was varied using the same 
method as in Experiment A. 
The electrode material and sample length were also varied for the low current 
evaluations, to observe their influence on the resistance vs force relationship.  
5.3.2 Test matrix 
Table 5-1 is the test matrix for the low current evaluations. The test procedure is 
given in Appendix B.   
Table 5-1: Test matrix for low current evaluations 
Test ID 
Applied 
force (kN) 
Current 
magnitude (kA) 
Sample 
type 
Electrode 
material 
No. of 
tests 
1 
1.0 to 4.0 
(0.5 steps) 
1.0 to 4.0 
(1.0 steps) 
Baseline Aluminium 2 
2 
1.0 to 4.0 
(0.5 steps) 
1.0 to 4.0 
(1.0 steps) 
Baseline Steel 1 
3 
1.0 to 4.0 
(0.5 steps) 
1.0 to 4.0 
(1.0 steps) 
Baseline Copper 1 
4 
1.0 to 4.0 
(0.5 steps) 
1.0 to 4.0 
(1.0 steps) 
55 mm 
length 
Aluminium 1 
5 
1.0 to 4.0 
(0.5 steps) 
1.0 to 4.0 
(1.0 steps) 
55 mm 
length 
Aluminium 1 
The current magnitude was increased from 1 A to 4 A at each force level to determine 
a dependency of the resistance on current up to 4 A. A single sample was used for 
the full range of force and current. 
Table 5-2 is the test matrix for the high current evaluations. The test procedure is also 
given in Appendix B. There were nominally four applied forces (1 to 4 kN) and three 
current magnitudes (5 to 15 kA). However, two additional applied forces (2.5 kN and 
3.5 kN) were tested at 5 kA and one additional test was performed at 20 kA with 3 kN 
of applied force.  
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Table 5-2: Test matrix for high current evaluations 
Test ID 
Applied 
force (kN) 
Current 
magnitude (kA) 
Sample 
type 
Electrode 
material 
No. of 
tests 
1 1.0 5 Baseline Aluminium 3 
2 2.0 5 Baseline Aluminium 3 
3 3.0 5 Baseline Aluminium 3 
4 4.0 5 Baseline Aluminium 3 
5 1.0 10 Baseline Aluminium 3 
6 2.0 10 Baseline Aluminium 3 
7 3.0 10 Baseline Aluminium 3 
8 4.0 10 Baseline Aluminium 3 
9 1.0 15 Baseline Aluminium 3 
10 2.0 15 Baseline Aluminium 3 
11 3.0 15 Baseline Aluminium 3 
12 4.0 15 Baseline Aluminium 3 
13 2.5 5 Baseline Aluminium 1 
14 3.5 5 Baseline Aluminium 1 
15 3.0 20 Baseline Aluminium 1 
5.3.3 Test sample design 
All test samples except for those of test IDs 4 and 5 of the low current tests were 
identical in terms of geometry and material. The surface area of the test sample was 
105 mm x 35 mm and consisted of 32 plies of CFRP and 1 ply of GFRP. Refer to 
Table 4-3 for details of material and ply stacking sequence.  
The width of the test sample was designed to approximate the apparent contact area 
of an 11.11 mm diameter fastener used in Experiment A. The calculation for which 
was: 
𝑤 = 𝜋𝜙𝑆 
where, w is the width of the contact interface and 𝜙
𝑆
 is the diameter of the fastener 
shank. Therefore, w = 34.9 mm. 
The length was chosen to be large enough to avoid an electrical discharge between 
electrodes during the high current evaluation.   
Figure 5-1 is a sketch of the baseline sample geometry showing the orientation of the 
0° ply.   
 
Figure 5-1: Schematic showing 0° fibre direction 
3
5
.0
0
105.00
0° 
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The edges of the test sample were finished using a two-stage process to ensure 
consistency of the CFRP surface topography. The first stage involved cutting the 
samples from a large CFRP laminate. The second stage was to finish the sample 
edges. Table 5-3 provides details of the process.  
Table 5-3: Process used for machining the CFRP sample edges 
Stage Coupon cut-out Edge finish 
Process Diamond panel saw CNC 3-axis HAAS VF-4 
Tool 
300 mm diameter 
diamond blade grit 44/60 
18 mm diameter PCD 
compression cutter 
Feed Rate 240 mm/min 200 mm/min 
Spindle speed 3500 RPM 6000 RPM 
Cooling Yes Yes 
5.3.4 Test rig design and test arrangement 
A test rig was developed, in collaboration with MBLL, for the objective of 
accommodating all samples with the ability of varying and measuring the contact force 
between the electrode and the CFRP surface. Figure 5-2 is a simple diagram of the 
test cell.  
 
Figure 5-2: Schematic diagram of test arrangement 
The principle was the same regardless of whether the tests involved low current or 
high current. A force acts down on electrode A resulting in a reactive force from the 
base plate that puts the test sample in compression. A load cell was located between 
electrode B and the base plate which measured the applied force. It was assumed 
that the compressive force between electrode A and the CFRP sample was 
approximately the same as the compressive force between electrode B and the CFRP 
sample. The process to finish both CFRP edges was equivalent leading to a further 
assumption that the contact force at both electrode interfaces was equivalent. 
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Current was injected into electrode A via a lead that had a current measurement 
device and exited via electrode B. This meant that the two interfaces were polar 
opposites. The CFRP was the cathode at electrode A and the anode at electrode B. 
No tests were performed to assess the effect of polarity at the interface.  
Voltage was measured across the two contact resistances plus the bulk CFRP 
material resistance. It was not possible to isolate each contact resistance and thus, 
during the analysis, the contact resistance that is reported is always the combined 
sum of two contact resistances. 
The surface of the electrodes was polished prior to every test using a water cooled 
3600-grit abrasive disk rotating at 30 RPM for 5 minutes. The intention was to obtain 
a consistent surface finish but also to remove any surface oxide layer that may have 
grown on the metal that would influence the contact resistance.  
Table 5-4 provides the electrode material grade of the three electrodes with hardness 
and resistivity properties, both of which influence the contact resistance.  
Table 5-4: Hardness and resistivity of the three electrode materials 
Material Stainless Steel 316 Aluminium 6082 Copper C101 
Hardness 217 Hb10 (Brinell) 91 Hb11 (Brinell) B4012 (Rockwell) 
Equivalent Rockwell 
Hardness13 
B96 B57 B40 
Resistivity 0.074 µΩ.m 0.038 µΩ.m 0.017 µΩ.m 
Figure 5-3 is a photograph of the test cell that was used for the experiments. Note 
that the plastic guide rods were changed to steel guide rods for the tests for further 
rigidity. 
Figure 5-4 is a photograph and circuit schematic of the low current test arrangement. 
A 35 W DC PSU supplied the current via an ammeter to electrode A whilst the force 
was measured from the load cell by a force meter. Voltage was measured across the 
electrodes using a voltmeter. 
During high current tests, Electrode A was connected by cable to the high voltage 
electrode and electrode B was connected to the return conductor inside the MBLL flat 
panel test rig. The force was measured by the force meter which was removed from 
the test chamber before the test. Refer to Appendix B for the detailed test procedure. 
 
                                               
10 https://www.azom.com/article.aspx?ArticleID=863  
11 http://www.aalco.co.uk/datasheets/Aluminium-Alloy_6082-T6~T651_148.ashx 
12 https://www.metalsupermarkets.com/metals/copper/copper-c101/ 
13 Source values have been converted to an equivalent Rockwell hardness using the 
conversion tables provided by: https://www.engineersedge.com/hardness_conversion.htm 
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Figure 5-3: Photograph of experiment B test cell 
 
Figure 5-4: Photograph and circuit schematic of the low current test arrangement  
5.3.5 Measurement arrangements 
Table 5-5 lists the measurements used for Experiment B with the characterisation 
objective and the device that was used to perform the measurements.  
During the high current tests, measurement of current, voltage and light intensity were 
made in the same manner as Experiment A (section 4.3.5). Spark activity was 
recorded by still imagery, high speed imagery and a photodiode.  
Two SLR digital cameras were used to capture spark activity from the two interfaces. 
One camera focused on the front of the test sample and the other focused through a 
mirror at the back. For all tests except for the first two14, the sensitivity of the cameras 
were set to ISO400.  
Due to the limited field of view available for both the photodiode lens and the high-
speed camera, they could only capture light from one interface and one side of the 
                                               
14 Front camera set at ISO500, back camera set at ISO800 
Test sample 
Positive 
electrode 
Negative 
electrode 
Load cell 
Movable 
plates 
Fixed 
plate 
Force 
application 
screw Guide 
rods 
Base 
plate 
35W DC PSU 
Force 
meter 
Multimeters 
Test cell 
35 W
DC
PSU
A
V
Force
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sample. Both were positioned at the bottom interface (electrode B). The photodiode 
was focused on the back of the test sample and the high-speed camera was focused 
on the front.  
Table 5-5: Experiment B measurements 
Test 
type 
Measurement Characterisation 
objective 
Device 
Low 
current 
Current Resistance Ammeter (Fluke 28915) 
Voltage Resistance Voltmeter (Fluke 289) 
Force Applied force Load cell 
High 
current 
Current Dynamic resistance Current transformer 
Voltage Dynamic resistance 
Developed voltage 
measurement technique 
Light intensity 
Spark initiation 
timing 
Photodiode + lens and 
collimator 
Still visual 
imagery 
Spark observation SLR digital camera x 2 
High speed visual 
imagery 
Sparking dynamics High speed camera 
Thermal imagery 
Temperature 
diffusion 
Thermal camera 
Force Applied force 
Load cell (not during 
strike) 
The high speed camera was a Photron SA5 set to record with a frame rate of 100,000 
frames per second and resolution of 320 x 160 pixels. It was triggered before the start 
of current injection and continued beyond all spark activity. 
The photodiode system was an adaption of that used in Experiment A (see section 
4.3.5.4.2). A collimator and optical lens was attached to the optical fibre to increase 
the field of view beyond the width of the electrode interface.  
Table 5-6 provides the bandwidths of the various devices in the photodiode system, 
which gives a total system bandwidth in the range of 0.45 μm to 1.1 μm.  
Table 5-6: Device operating bandwidths of the photodiode system 
Device Bandwidth 
Optical lens 0.35 μm to 2 μm 
Collimator 0.45 μm to 20 μm 
Optical fibre 0.25 μm to 1.2 μm 
Photodiode 0.2 μm to 1.1 μm 
Complete System 0.45 μm to 1.1 μm 
                                               
15 The Fluke 289 True RMS Multimeter has an accuracy of 0.025% for DC voltage 
measurement and 0.05% for DC current measurement. Thus, maximum error in resistance 
measurement is 0.075%.  
5-8 
 
5.4 Low current evaluation 
The low current evaluation investigates the relationship between resistance and force 
at low current and how this relationship is influenced by the electrode material and 
sample length. 
5.4.1 Resistance vs force relationship 
Figure 5-5 shows the resistance vs force curve for the two 105 mm test samples using 
aluminium electrodes.  
 
Figure 5-5: Resistance vs force for the two 105 mm samples with aluminium 
electrodes showing all four currents at each force (circular markers = sample 1, 
diamond markers = sample 2)  
At each force, there are four data points representing the four applied currents. It is 
very difficult to distinguish between the four data points at any given applied force so 
there is negligible effect on resistance from the variation in applied current between 
1 A and 4 A. For this reason, throughout the remainder of the low current analysis, 
only the measured resistance using an applied current of 1 A is reported. 
The curves for both samples align very well showing that the resistance measurement 
is repeatable for two different samples. This gives confidence that the process used 
to finish the edges of the test sample provides a repeatable surface topography that 
results in only a small variation of the contact resistance. 
The measured resistance consists of the CFRP resistance and two contact 
resistances in series. Increasing the force from 1 kN to 4 kN decreases the resistance 
by 65%16. Since the CFRP resistance can be assumed to be constant with varying 
force, the nature of this decrease can be attributed to the modification of the contact 
resistances. As force increases, the decrease in contact resistance becomes smaller 
and the curve tends to the CFRP resistance. The decrease in resistance between 
3.5 kN and 4 kN is less than 10%. Therefore, 4 kN was a sufficient upper limit for use 
                                               
16 Resistance decrease from 207 mΩ to 72 mΩ 
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in the high current tests since greater force has minor influence on the pre-strike 
contact resistance.  
5.4.2 Influence of electrode material  
Figure 5-6 shows the resistance vs force curves for the three different electrode types. 
The curves for Alu. 1 and Alu. 2 are the same curves for the two different test samples 
of the previous figure using only the 1 A test current. The resistance when using 
copper electrodes (copper) is less than the resistance when using aluminium 
electrodes (Alu. 1 and Alu. 2). The resistance when using stainless steel electrodes 
(steel) is generally greater than the resistance when using aluminium electrodes 
except at 1 kN and 1.5 kN. 
 
Figure 5-6: Resistance vs force for baseline sample geometry and various electrode 
materials 
Recalling the classic equation for metal-to-metal contacts [47]:  
𝑅𝐶 =
𝜌1 + 𝜌2
4
√
𝜋𝐻
𝐹
 (5-1) 
The contact resistance (RC) is a function of the resistivity of the two materials in 
contact (ρ1 and ρ2), the hardness of the softer material (H) and the contact force (F). 
Table 5-4 provides the hardness and resistivity of the electrode materials. The table 
shows that the materials with greater hardness also have greater resistivity. In the 
classic equation, both increasing hardness and resistivity results in increased contact 
resistance. Therefore, the differences in the curves of Figure 5-6 reflect literature 
evidence since the copper grade was the softest electrode material used and the 
stainless-steel grade was the hardest material used.  
There were no repeat tests, so it cannot be concluded here if the discrepancy in the 
steel data at the two lowest contact forces is a true physical attribute of the 
significance of the hardness and resistivity at low force. However, it is suspected that 
the correlation between the applied force and the true contact force at the interface is 
not completely linear in this experiment and would have more variation at lower 
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applied force and greater hardness. This is a more likely explanation for the 
discrepancy in the experimental data. 
5.4.3 Influence of sample length   
Figure 5-7 shows the resistance vs force curves for the two 105 mm long samples 
and the two 55 mm long samples. 
 
Figure 5-7: Resistance vs force comparison of sample length using aluminium 
electrodes 
Again, the two curves of equivalent length have little variation, revealing the 
consistency of the contact from sample to sample. The interface was controlled for 
consistency between all samples, so it should be expected that the difference in the 
curves between samples of different length shall be due to the difference in the bulk 
CFRP sample resistance. As the 55 mm samples are almost half the length of the 
105 mm samples, the standard equation for bulk resistivity would suggest that, if the 
samples were constructed of a homogenous material with a uniform current 
distribution through the cross-section, the resistance of the 55 mm samples would be 
almost half the resistance of the 105 mm samples, regardless of the contact force. 
The resistance for all four samples follows the same relationship with force suggesting 
that the contact resistance is equivalent for all four samples. However, unlike what 
would be expected of a homogenous material, the 55 mm samples had a greater 
resistance than the 105 mm samples. The reason for this is not fully understood. 
However, it is thought likely to be due to the non-homogenous material properties of 
the CFRP laminate that results in a non-uniform current distribution through the cross-
section of the sample. This effect could be exaggerated by the surface topography of 
the interface if it also causes a non-uniform current distribution across the surface of 
the interface.  
It was expected before the tests that using samples of different lengths would enable 
the standard equation for bulk resistivity to be used to reveal the bulk CFRP 
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resistance. The results shown in Figure 5-7 meant that this was not possible and, 
consequently, an alternative method to determine the CFRP resistance was required. 
5.4.4 Sample resistance model – low current 
As described in the previous section, the measured resistance versus applied force 
curves tend to the CFRP resistance as force increases because of the relationship 
between the contact resistance and force. Classic contact theory (see Equation (5-1)) 
that assumes homogenous materials with uniform current distribution from contact 
asperities implies that the contact resistance is proportional to 1
√𝐹
⁄ . However, Anway 
et al. [52] found that this was not the case for CFRP-to-metal contacts. Instead, it was 
shown that, for a single sided CFRP-to-metal interface, the resistance is proportional 
to 1 𝐹⁄ . Furthermore, when the resistance includes two contact interfaces such as the 
situation in Experiment B, the resistance was shown to be proportional to 1 𝐹2⁄ .  
In this work, linear regression was used to find which one of these three relationships 
was the best fit of the measured results. The analysis is discussed in detail in 
Appendix G from which, the following model was determined for the measured 
resistance: 
𝑅𝑇 = 𝑅𝐶𝐹𝑅𝑃 +
𝑘𝑒
𝐹
 (5-2) 
where, 𝑅𝑇 is the total resistance, 𝑅𝐶𝐹𝑅𝑃 is the bulk CFRP resistance, 𝐹 is the applied 
force and 𝑘𝑒  is a constant that depends on the electrode material. The expression for 
resistance takes the form of the CFRP resistance plus the contact resistance that is 
a function of the electrode material (incorporating properties such as its resistivity and 
hardness) and inversely proportional to the applied force.   
Table 5-7 provides the constant 𝑘𝑒  for each electrode material. As expected, 𝑘𝑒  is 
greater for electrodes with greater hardness and resistivity.  
 Table 5-7: Properties of the three electrode materials and the constant found by 
linear regression 
Material Stainless Steel 316 Aluminium 6082 Copper C101 
Rockwell hardness B96 B57 B40 
Resistivity 0.074 µΩ.m 0.038 µΩ.m 0.017 µΩ.m 
ke 2.385 x 105 1.984 x 105 1.441 x 105 
The model developed for the low current resistance vs force relationship was 
determined from data where:  
 the sample geometry was constant 
 the sample material was constant 
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 the ply lay-up was constant 
 every effort was made during manufacture to ensure that the surface 
topography was as similar as possible for all samples 
Further confidence in this model could be generated by including any of the above as 
additional variables. However, the principal aim of generating this model was to obtain 
an estimate for the CFRP resistance.  
The regression analysis yielded a CFRP resistance (𝑅𝐶𝐹𝑅𝑃) of 23.7 mΩ. This value is 
supported by analysis of the high current data in section 5.5. 
5.4.5 Discussion on low current evaluations 
As the resistance was found to be a function of 1 𝐹⁄  in this work, it does not confirm 
the findings of Anway et al. [52]. A possible explanation is due to the CFRP test 
sample size used in the experiments. Anway et al. [52] report that the length of sample 
they used was purposely very small (6.35 mm and 25.4 mm) to avoid an influence 
from the bulk material properties. These lengths were much smaller than the lengths 
used in this investigation (55 mm and 105 mm). The hypothesis used by Anway et al. 
[52] to formulate the 1 𝐹2⁄  relationship is that the only fibres that conduct current 
through the sample are fibres that are perpendicular to the interfaces and happen to 
be in galvanic contact with both interfaces. This is due to the much smaller resistance 
along the fibre length compared to the resistance transverse to the fibre direction. 
This hypothesis is more likely to be true for smaller sample lengths because as length 
is increased, a larger amount of current can distribute transverse to the fibre direction 
between electrode interfaces. As current distributes through the thickness of the 
panel, it is more likely to conduct in other fibres that only contact one electrode. This 
could lead to a relationship resembling the single-sided case (1 𝐹⁄ ) rather than the 
double-sided case (1 𝐹2⁄  ) discussed in [52].  
This explanation is only speculative and smaller sample lengths were not tested as 
part of this work. However, it can be concluded and agreed with Anway et al. [52] that, 
for contacts between a CFRP laminate and a metal object, the relationship with force 
is different to classical contact theory derived for two homogenous materials with a 
uniform current distribution from contact asperities (1
√𝐹
⁄ ).  
5.5 High current contact modification 
5.5.1 Influence of force and current 
Figure 5-8a shows the four measured currents that were used in the high current 
tests. The current was scaled in the same manner as Exp. A, so an increase in current 
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amplitude corresponds to an increase in action integral. Figure 5-8b shows that peak 
current is directly proportional to the square root of the action integral for these tests.  
 
(a) Current waveforms (b) Relationship between current and action 
integral 
Figure 5-8: Scaled D-component waveforms used in experiment B high current tests, 
and relationship between peak current and action integral  
Figure 5-9 reports the calculated resistance determined from measurements at the 
time of peak current, plotted against the nominal peak current for all samples. As can 
be seen from the figure, the resistance at peak current decreases with increasing 
current with a similar trend as that of Experiment A (see Figure 4-20). The spread in 
the data points shows the influence of applied force decreases when the current level 
increases. At 15 kA, the initial conditions of the interface set by the applied force has 
negligible influence on the resistance. This means that at 15 kA, the resistance at 
peak current is dominated by the application of current rather than the pre-strike 
conditions.  
 
Figure 5-9: Resistance at the time of peak current 
The curve converges to the bulk CFRP resistance as the current level increases. This 
is because increasing the current level causes a greater reduction to the contact 
resistance until the contact resistance component becomes negligible compared to 
the CFRP resistance.  
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Regression of the low current test data revealed an approximate value of 
approximately 24 mΩ for the bulk CFRP resistance. A close examination of Figure 
5-9 reveals a trend converging towards the same value as the influence of the contact 
resistance reduces with current level. To support the low current test findings, the 
same regression process was applied to this dataset to obtain a second 
approximation for the CFRP resistance. The analysis is detailed in Appendix G and 
revealed a value of 23.3 mΩ which is comparable to the 23.7 mΩ determined by the 
low current tests. This gives further confidence that using an approximation of 24 mΩ 
for the CFRP resistance is suitable for further analysis.   
5.5.2 Contact resistance 
The measured voltage across the sample can be expressed as: 
 
(5-3) 
where, 𝑉(𝑡) is the measured voltage, 𝑅𝐶1 and 𝑅𝐶2 are the contact resistances of each 
interface, 𝑅𝐶𝐹𝑅𝑃 is the bulk CFRP material resistance, 𝐿𝑆 is the inductance of the test 
sample and 𝐼(𝑡) is the applied current.  
To determine the contact voltage, and hence the contact resistance, both the sample 
resistance and the inductance must be determined. To find the significance of the 
reactive component of the voltage, a test was performed using an aluminium sample 
of equivalent geometry to the CFRP sample using a large applied force. Details of 
this evaluation are discussed in Appendix G.2. From this analysis, the inductance was 
estimated as 2.6 nH and, therefore, found that the corresponding reactive voltage for 
a 15 kA waveform is approximately 7 V, as shown in Appendix G.2. Thus, the 
influence of inductance on the voltage can be ignored and the contact voltage (?̂?𝐶(𝑡)), 
can be determined by: 
?̂?𝐶(𝑡) = (𝑅𝐶1 + 𝑅𝐶2)𝐼(𝑡) = 𝑉(𝑡) − 𝑅𝐶𝐹𝑅𝑃𝐼(𝑡) (5-4) 
The contact voltage was divided by the applied current to calculate the contact 
resistance throughout17 the strike. Figure 5-10 shows a separate plot of the contact 
resistance for 5 kA, 10 kA and 15 kA. 
Within each plot is the contact resistance for a single sample tested at each of the 
applied forces at that current level. The right and left columns are plotted on different 
timescales.  
                                               
17 This contact resistance is the sum of the contact resistance at both electrode-to-CFRP 
interfaces. Since it has been determined via subtraction of an estimate for the CFRP 
resistance, it is an approximation that is denoted with a hat symbol; i.e. ?̂?𝐶 
𝑉(𝑡) = (𝑅𝐶1 + 𝑅𝐶2 + 𝑅𝐶𝐹𝑅𝑃)𝐼(𝑡) + 𝐿𝑆
𝑑𝐼(𝑡)
𝑑𝑡
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Figure 5-10: Plots of the contact resistance through the strike at 5 kA (top), 10 kA 
(centre) and 15 kA (bottom); right and left plots have different timescales 
The general shape of the contact resistance at each peak current magnitude consists 
of a decrease early in the strike as current rises to its peak value. The higher the 
current level is, the quicker the collapse in the contact resistance will be. Shortly after 
the instant of peak current, the contact resistance gradually rises again (while current 
decreases) to a time of approximately 60 μs where it then becomes very unstable.  
The influence of applied force on the contact resistance is observed throughout the 
5 kA strike. This is not the case for the 15 kA strike since the contact resistance for 
all applied forces reaches the same value after 3 μs. After this time, and up to about 
50 μs, the contact resistance is driven by the current level, and it no longer depends 
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on the applied force. The influence of the applied force becomes significant again 
after 50 μs.  
Figure 5-11 shows the variation of the contact resistance against current for samples 
with an applied force of 4 kN.  
 
Figure 5-11: Contact resistance vs current for samples with an applied force of 4 kN 
The contact resistance decreases with increasing current and reaches a minimum 
value at peak current. When current decreases after the peak, the contact resistance 
increases but it does not follow the same curve. This indicates that that contact 
interface is permanently changed by the current, supporting literature evidence of 
fastened joint tests where the post-strike resistance was always less than the pre-
strike resistance.  
When comparing the three waveforms, it appears that, at peak current in the 5 kA 
test, the contact resistance is lower than that when the current first reaches the 
equivalent value in the other tests. The contact resistance only appears to be 
equivalent at the same current magnitude after peak current. This suggests greater 
interface modification has occurred even though the current is at an equivalent value.   
This is somehow hidden by the missing dimension of time from the plot. Since peak 
current occurs at the same time for all waveforms, 5 kA is reached at a much earlier 
time for the 10 kA waveform than the 5 kA waveform. Thus, at a magnitude of 5 kA in 
the 5 kA test, the cumulative action integral is greater than at the same current level 
in the 10 kA test. This is illustrated in Figure 5-12. 
The coloured arrows indicate the cumulative action integrals of the three current 
levels when 5 kA is first reached. Therefore, the greater interface modification in the 
lower amplitude strike at the equivalent current level could be due to the greater 
energy absorbed per mΩ at that moment. 
?̂?𝐶(𝑡) =
𝑉(𝑡)
𝐼(𝑡)
− 𝑅𝐶𝐹𝑅𝑃 
Time 
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Figure 5-12: Cumulative action integral vs current for samples with an applied force of 
4 kN 
The observations can be summarised as follows: 
 At 5 kA current magnitude, the contact resistance is less for a 5 kA peak strike 
than for a 10 kA peak strike or 15 kA peak strike. 
 This indicates that current magnitude alone, does not drive the evolution of the 
contact resistance. 
 The energy absorbed by the contact per mΩ is different at this current point 
across the different strikes. It is significantly greater for the 5 kA peak strike. 
 It suggests that energy absorbed by the contact is the cause of interface 
modification 
This suggested cause can be explored by inspecting the surfaces in contact after the 
high current tests. 
5.5.3 Electrode surface damage 
Figure 5-13 shows photographs of the electrode surfaces at the same applied force 
(3 kN) following strikes at the three different current levels. The photographs have 
been taken after cleaning the electrodes in an ultrasonic bath containing isopropyl 
alcohol.  
The damage appears as pitting and soot on the surface. Greater damage was 
typically observed at the bottom electrode surface. By qualitative inspection, the 
surface damage increases with increasing current level and decreases with 
increasing force. The photographs show that, at low current, the damage appears in 
isolated areas, and there are regions across the surface that are not damaged even 
though damage exists at locations along the width that correspond to the same CFRP 
ply. This strongly suggests a relationship with the contact topography. 
time 
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 Top electrode Bottom electrode 
5 kA 
  
10 kA 
  
15 kA 
  
Figure 5-13: Photographs of top and bottom electrode surface after strikes at 5 kA, 10 
kA and 15 kA at an applied force of 3 kN 
Cardiff University has developed a surface damage characterisation technique for the 
analysis of lightning struck fasteners as part of a wider collaborative project. This 
technique was adapted by Dr David Clarke (Cardiff University) and used on the 
electrode surface photographs to provide a quantitative assessment of the surface 
damage. The technique uses an image processing algorithm to detect changes in 
contrast that correspond to surface damage. The area of the detected damage is then 
converted into a percentage of the total area. 
A selection of electrodes from the complete dataset was chosen for evaluation. The 
top and bottom electrode surfaces of 21 test samples were characterised. The dataset 
included at least one sample of each current-force combination between 5-15 kA and 
1-4 kN. The evaluation reported the ratio of damaged area to the total apparent 
contacting area between the CFRP edge and the electrode for each interface.   
The energy absorbed by the contacts was calculated using: 
?̂?𝐶,𝑡 = ∫ ?̂?𝐶(𝑡)𝐼(𝑡)𝑑𝑡 = ∫ ?̂?𝐶(𝑡)𝐼
2
𝑡𝑚𝑎𝑥
0
(𝑡)𝑑𝑡
𝑡𝑚𝑎𝑥
0
 (5-5) 
where,  
 ?̂?𝐶,𝑡 is the energy absorbed by the contacts 
 𝐼(𝑡) is the current through the contacts 
 tmax is the maximum acquisition time, and 
 ?̂?𝐶(𝑡) is the estimate of the voltage across the contacts, given by  ?̂?𝐶(𝑡) = 𝑉(𝑡) −
?̂?𝐶𝐹𝑅𝑃𝐼(𝑡), where 𝑉(𝑡) is the measured voltage and ?̂?𝐶𝐹𝑅𝑃 is the estimate of the 
CFRP resistance. 
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 ?̂?𝐶(𝑡) is the contact resistance of both interfaces derived after subtraction of the 
estimated CFRP resistance from the measured resistance  
Since the contact voltage used in this equation is effectively the voltage drop across 
the contact resistance at both interfaces, the percentage damage of top and bottom 
electrodes was summed. The resulting total surface damage is plotted against the 
energy absorbed by the contacts, ?̂?𝐶,𝑡 in Figure 5-14. 
 
Figure 5-14: Total electrode surface damage area versus energy absorbed by the 
contacts 
The total surface damage increases with the energy absorbed by the contact. There 
is a tight correlation at the energy levels corresponding to 5 kA and 10 kA. However, 
the data points spread out at the energy levels corresponding to 15 kA. The likely 
explanation for this is due to the increase in error of the damage characterisation 
technique as damage increases. Damage to the electrode surface is evidence of 
modification to the electrically conducting contacting interface. Therefore, increasing 
surface damage with increasing energy dissipation suggests that it is the magnitude 
of energy absorbed by the contact that leads to its modification; i.e. the contact 
resistance varies through the strike because of the magnitude of energy it absorbs. 
5.6 Spark intensity relationships 
5.6.1 Still imagery 
Figure 5-15 is a qualitative observation of the sparks ejected from the two interfaces 
during the strike. The images were taken by the two digital cameras. Images on the 
left and right were from the camera aimed at the front and back, respectively. Images 
in the top row were taken before a strike as a positional reference. The other images 
were taken during strikes at 5 kA, 10 kA and 15 kA from top row to bottom row. 
A qualitative evaluation of these images indicates that as current magnitude is 
increased, the intensity of sparks from the interfaces increases. The bottom interface 
also appears to have more intense spark ejection than the top. This was true for all 
test samples. Possible explanations for this include: 
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 mechanical effects, whereby the contact force at the bottom interface was not 
distributed in the same manner as the top interface 
 the difference in the interface polarity  
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Figure 5-15: Still images of front (left) and back (right) of sample taken before and 
during the strike for currents of 5 kA, 10 kA and 15 kA 
It was not possible to separate the contact resistance of each interface and, thus, due 
to the different behaviours of the interfaces, the quantitative characterisation of spark 
intensity discussed below includes the combined intensity of both interfaces.     
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An estimate of light intensity was found by summing the pixel values of the images 
taken by the still digital cameras. Since these cameras were set to a long exposure, 
the intensity of each pixel is an accumulation of light throughout the strike. 
Consequently, the intensity of each pixel is an integration of the light intensity with 
respect to time. The procedure involved the summation of the intensity values of all 
pixels (red, green and blue) on the two (front and back) JPEG images. Each pixel has 
a range of 0-255 where a greater value represents a greater light intensity.   
Figure 5-16 plots the summed pixel intensity against nominal peak current. Markers 
are coloured according to the applied force in kN. There is a strong trend between 
the light intensity and current magnitude. The two groups of markers at 10 kA and 
15 kA also show a relationship between intensity and applied force, where a reduction 
in applied force results in more spark activity from the interfaces. 
A source of error from using this method of measurement corresponds to pixel 
saturation for bright events. For example, very intense spark events could cause 
pixels to reach the maximum value of 255. Figure 5-17 plots the number of pixels that 
have saturated as a percentage of the total number of pixels on the two images 
against the summed pixel intensity. 
  
Figure 5-16: Sum of pixel intensity on 
the still image taken during the strike vs 
nominal peak current 
Figure 5-17: The percentage of pixels on 
the image that have reached max. value 
vs the sum of pixel intensity 
Saturated pixels only become significant when the summed pixel intensity 
approaches 108. The single 20 kA test sample was the only sample where more than 
2% of the total number of pixels reached saturation. Pixel saturation means that care 
should be taken when interpreting the spark intensity for tests at 15 kA and 20 kA. 
However, the good trend observed in Figure 5-16 gives confidence that the 
significance of the saturation levels experienced for these tests is small enough to 
provide confident relationships between intensity and various parameters18.  
                                               
18 Due to the smaller frame size and increased sensitivity, the level of saturated pixels in high 
speed camera images was much greater and were not suitable for measuring spark intensity. 
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It is known from Chapter 4 that outgassing intensity relates to fastener fit and current 
magnitude. It is possible to observe the influence on intensity when combining both 
into a single metric by calculating the energy absorbed by the contact using Equation 
(5-5). 
Figure 5-18 plots the spark intensity against the energy absorbed by the contacts 
using (5-5). Outliers at 2.5 kN and 3 kN, with an intensity of 107, should be neglected19.  
 
Figure 5-18: Sum of pixel intensity vs energy absorbed by the contacts  
The figure shows an excellent correlation between spark intensity and the energy 
absorbed by the contacts. The points from all test samples follow the same trend. It 
confirms that the spark intensity is a consequence of the entire excitation period 
because both contact resistance and current amplitude vary throughout. Thus, the 
intensity is not only a consequence of the behaviour that occurs in the early period of 
the current excitation when the contact resistance strongly decreases from its initial 
value. 
Another significant observation is that there still appears to be a separation of the 
markers that relate to the applied force at the high energy levels above 45 J, i.e. a 
lower applied force results in more absorbed energy and a higher spark intensity. The 
contact resistance profiles of the 15 kA tests showed the contact resistance collapses 
from its pre-strike condition rapidly to a level whereby it was difficult to discriminate 
between the curves with different applied force. Figure 5-18 shows that even though 
the influence of the applied force is only observed during a short time at the beginning 
and end of the strike, it still contributes to the intensity.  
Figure 5-19 shows the difference in the contact resistance for the different applied 
forces using the same 15 kA current waveform and the influence this has on the 
energy absorbed by the contact as time progresses.  
                                               
19 The 2.5 kN and 3 kN points at intensity of approximately 107 should be ignored. All other 
data points used ISO400 settings on both cameras. However, these two points had different 
camera sensitivities that caused the pixel intensity to be different.    
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Figure 5-19: Contact resistance modification (left) and corresponding energy 
absorbed by the contact through time (right) for a 15 kA case 
Significant influence from the applied force only occurs towards the end of the strike 
but even over this short time, the difference in the total energy is 16% across the 
range of applied force. The implication is that an accurate prediction of the spark 
intensity using the energy absorbed by the contact via (5-5) must include the 
magnitude of the contact resistance throughout the entire strike, regardless of the 
current level. 
5.6.2 Photodiode 
Figure 5-20 is the response of the photodiode for a 15 kA, 4 kN strike.  
 
Figure 5-20: Example of photodiode response (15 kA, 4 kN) showing raw 
measurement data and low pass filtered with cut-off frequency at 50 kHz 
The shape is typical of 10 kA and 15 kA strikes where there is at first a slow gradual 
rise in the light that starts very early in the strike and continues past the time of peak 
current. Following peak current, there is a transition to a much stronger light intensity 
that rises rapidly. The photodiode was not sensitive enough to capture light from any 
of the 5 kA tests. However, light was recorded by the high-speed camera. Figure 5-21 
shows frames from the first 50 μs (±10 μs) of the 15 kA, 4 kN strike of Figure 5-20.  
The camera footage matches the profile of the photodiode response since the light 
intensity gradually increases early in the strike. Sparks are very local to the interface 
and spread out from specific locations. As time evolves, the intensity increases, and 
light is emitted from locations further away from the interface. The sparks are no 
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longer local to the interface, and a bright cloud surrounding the interface is present 
after 40 μs. 
Reference image of bottom CFRP-electrode interface 
 
Frame 0+10 μs +20 μs 
  
+40 μs +50 μs 
  
Figure 5-21: High-speed camera images of first 50 μs of 15 kA, 4 kN strike 
Figure 5-22 is from a 5 kA, 1 kN test for comparison with the 15 kA test. The figure 
shows the frames at 40 μs and 50μs (±10 μs) after the trigger point. Unlike the 15 kA 
tests, the sparks always appear local to the interface and appear in discreet locations 
throughout the capture time.  
+40 μs +50 μs 
  
Figure 5-22: High-speed camera frames at trigger+40 μs and +50 μs of 5 kA, 1kN strike 
Inspection of Figure 5-18 suggests that a transition region may exist at the 20-30 J 
region. The photodiode response was used to determine if the sharp transition in light 
corresponded to an energy threshold for the 10 kA and 15 kA tests. The process 
involved: 
CFRP edges 
Electrode 
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 selecting an energy level between 20-30 J as a potential threshold 
 plotting the cumulative energy absorbed by the contacts against time  
 finding the time when the cumulative energy first exceeded the energy threshold 
 placing a marker on the photodiode response at that time to determine if the 
transition in light occurred at the same time 
Figure 5-23 provides an example of the process from two different strikes. (a) & (b) 
are for a 10 kA strike with applied force of 1 kN. (c) & (d) are for a 15 kA strike with 
applied force of 2 kN. (a) & (c) are of cumulative energy absorbed by the contacts 
where the maximum value is the total energy absorbed that was used in the earlier 
scatter plot. (b) & (d) are the raw photodiode responses. A red marker indicates the 
chosen energy threshold and the corresponding time on the energy curve. Another 
red marker indicates the same time on the photodiode response. Appendix H includes 
the same plots of all the 10 kA and 15 kA strikes. 
 
Figure 5-23: Cumulative energy absorbed by contacts (a) and photodiode response 
(b) for 10 kA, 1 kN test; cumulative energy absorbed by contacts (c) and photodiode 
response (d) for 15 kA, 2 kN test (energy threshold marker positioned at 22 J) 
The rate at which energy was absorbed by the contacts differed between the two 
tests. The duration for the energy to reach the same threshold was longer for the 
10 kA strike. This time difference was typical from sample-to-sample especially when 
the applied force or current magnitude was different.  
Even though the time to reach the energy threshold differed from sample to sample, 
after several iterations, it was found that a threshold of 22 J consistently coincided 
with a strong transition in the light intensity. This provides strong evidence that 
supports the earlier findings that the intensity of sparking from the contacts is a direct 
consequence of the energy absorbed by the contacts. It can be postulated that the 
identified energy threshold is related to a transition in the phenomenon; e.g. to 
pyrolysis/combustion.  
(a) 
(b) (d) 
(c) 
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5.7 A model to predict the energy absorbed by the contacts in 
Experiment B 
Section 5.6 showed that the energy absorbed by the contacts is the key influencing 
factor for the creation of outgassing. This section discusses the possibility of 
predicting the energy based on known parameters prior to a lightning strike test.  
5.7.1 Background and approach 
An accurate prediction of the energy absorbed by the contact relies on knowledge of 
the dynamic time dependency of the contact resistance. Although it has been 
discussed in section 5.5 that the dynamic tendency of the contact resistance is related 
to the energy it absorbs, the analysis of Experiment B has not provided a complete 
model of this dependency. However, it may be possible to provide a sufficient 
estimate for the energy absorbed by the contact by using instantaneous values of the 
contact resistance that closely describe the dynamic behaviour. 
It was shown earlier (Figure 5-10) that the contact resistance decreases from its initial 
pre-strike value to a minimum during the strike and the post-strike resistance is 
always less than the pre-strike resistance. The minimum value during the strike 
appears at peak current as shown by Figure 5-11. These three values (pre-strike, at 
peak current and post-strike) may be enough to reconstruct a coarse dynamic contact 
resistance that provides a sufficient estimate of the energy to predict if one sample is 
likely to spark more than another. 
5.7.2 Inspection of the energy absorbed by the contacts 
The voltage measurement in the test arrangement of Experiment B was across a 
resistive network consisting of the CFRP resistance (𝑅𝐶𝐹𝑅𝑃) and the two contact 
resistances at the CFRP-to-electrode interfaces (?̂?𝐶). The total energy absorbed by 
this network (𝐸𝑇) can be expressed as: 
𝐸𝑇 = 𝐸𝐶𝐹𝑅𝑃 + 𝐸𝐶 (5-6) 
where, 𝐸𝐶𝐹𝑅𝑃 is the energy absorbed by the CFRP material and 𝐸𝐶 is the energy 
absorbed by the contact resistances.  
Energy is given by 𝐸 = ∫ 𝑉(𝑡)𝐼(𝑡) 𝑑𝑡 =
𝑡𝑚𝑎𝑥
0 ∫ 𝑅(𝑡)𝐼
2(𝑡) 𝑑𝑡
𝑡𝑚𝑎𝑥
0
, and if the resistance is 
constant during the flow of current then 𝐸 = 𝑅 ∫ 𝐼2(𝑡) 𝑑𝑡 =
𝑡𝑚𝑎𝑥
0
𝑅 ⋅ 𝐴𝐼, where 𝐴𝐼 is the 
action integral. 
If the CFRP resistance is assumed to be constant during current flow, the contact 
energy can be determined by: 
𝐸𝐶 = 𝐸𝑇 − 𝐸𝐶𝐹𝑅𝑃 (5-7) 
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𝐸𝐶 = ∫ 𝑉(𝑡)𝐼(𝑡) 𝑑𝑡
𝑡𝑚𝑎𝑥
0
− 𝑅𝐶𝐹𝑅𝑃 ⋅ 𝐴𝐼 (5-8) 
It has been observed that the usual shape of the contact resistance is high value – 
minimum value – high value, and therefore, it can be expressed as: 
𝑅𝐶(𝑡) = 𝑅𝐶,𝑚𝑖𝑛 + 𝑟𝐶(𝑡) (5-9) 
where, 𝑟𝐶(𝑡) is a positive time-varying function and 𝑅𝐶,𝑚𝑖𝑛 is the minimum value of the 
contact resistance. The contact energy is then: 
𝐸𝑇 = 𝑅𝐶𝐹𝑅𝑃 ⋅ 𝐴𝐼 + ∫ (𝑅𝐶,𝑚𝑖𝑛 + 𝑟𝐶(𝑡)) 𝐼
2(𝑡) 𝑑𝑡
𝑡𝑚𝑎𝑥
0
 (5-10) 
𝐸𝑇 = 𝑅𝐶𝐹𝑅𝑃 ∙ 𝐴𝐼 + 𝑅𝐶,𝑚𝑖𝑛 ∫ 𝐼
2(𝑡)𝑑𝑡
𝑡𝑚𝑎𝑥
0
+ ∫ 𝑟𝐶(𝑡)𝐼
2(𝑡)𝑑𝑡
𝑡𝑚𝑎𝑥
0
 (5-11) 
𝐸𝐶,𝑡 = 𝑅𝐶,𝑚𝑖𝑛 ∙ 𝐴𝐼 + ∫ 𝑟𝐶(𝑡)𝐼
2(𝑡)𝑑𝑡
𝑡𝑚𝑎𝑥
0
 (5-12) 
The first term in Equation (5-12) is the minimum contact resistance multiplied by the 
action integral. It has been shown previously that the minimum contact resistance 
(𝑅𝐶,𝑚𝑖𝑛) occurs at peak current (𝑅𝐶(𝑡𝐼𝑃)). For simplicity, this component of the energy 
absorbed by the contacts shall be called 𝐸𝐶,𝐴𝐼. The second term in the equation is the 
contribution to the energy absorbed by the contacts that is associated with the time 
varying element of the contact resistance. This shall be called 𝛿𝐸. Equation (5-12) can 
now be rewritten as: 
𝐸𝐶,𝑡 = 𝐸𝐶,𝐴𝐼 + 𝛿𝐸 (5-13) 
where, 𝐸𝐶,𝐴𝐼 = 𝑅𝐶(𝑡𝐼𝑃) ∙ 𝐴𝐼 and 𝛿𝐸 = ∫ 𝑟𝐶(𝑡)𝐼
2𝑑𝑡
𝑡𝑚𝑎𝑥
0
.  
Figure 5-24 shows a diagram of the general shape of the time varying contact 
resistance. It decreases from the initial pre-strike value to a minimum at the time of 
peak current before increasing again to its final post-strike value, which is less than 
the initial value. Shaded on the diagram is the contributions from the contact 
resistance to the two components of Equation (5-13). 
Figure 5-25 shows that the two components scale proportionally with the energy 
absorbed by the contacts.  
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Figure 5-24: Diagram of the general shape of the contact resistance. Shaded regions 
show how the contact resistance contributes to the two components of the energy 
absorbed by the contact. 
 
Figure 5-25: Plot of the two components against the energy absorbed by the contacts 
Regardless of the magnitude of the energy absorbed, the contribution from the two 
components is almost equivalent. This is shown more clearly in Figure 5-26 when 
plotting both components against each other. There is almost linear proportionality 
between the two components. 
The diagram of Figure 5-24 showed two regions under the curve that are attributed 
to the dynamic tendency of the contact resistance, before peak and after peak current. 
Figure 5-27 shows the contribution to 𝛿𝐸 from the component before peak current as 
black markers and after peak current as red markers.     
At less than 20 J, the biggest proportion of 𝛿𝐸 is from the initial collapse of the contact 
resistance. However, for most strikes, the biggest proportion of 𝛿𝐸 is due to the 
dynamic contact resistance after peak current. This is not surprising because the 
initial collapse in the contact resistance is very quick, whereas the subsequent 
increase in the contact resistance as the current decreases is over a much longer 
period. 
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Figure 5-26: Plot showing the 
proportionality between the two 
components of the energy absorbed by 
the contacts 
Figure 5-27: Contribution to 𝜹𝑬 attributed 
to the dynamic contact resistance before 
peak current (black markers) and after 
peak current (red markers) 
5.7.3 Approximation of the energy absorbed by the contacts 
The fact that 𝛿𝐸 scales almost linearly with 𝐸𝐶,𝐴𝐼 (Figure 5-26) suggests that a linear 
model can be formed of 𝐸𝐶 using 𝐸𝐶,𝐴𝐼 as a predictor and the error in this 
approximation (𝛿𝐸) will be incorporated into the coefficient of 𝐸𝐶,𝐴𝐼. 
Using the process of linear regression described in Appendix G, the energy absorbed 
by the contacts can be modelled as:  
𝐸𝐶 ≈ 1.47 × 10
−3(𝐸𝐶,𝐴𝐼) − 4.3 (5-14) 
where 𝐸𝐶,𝐴𝐼 is calculated using: 
𝐸𝐶,𝐴𝐼 = 𝑅𝐶,𝑚𝑖𝑛 ⋅ 𝐴𝐼 (5-15) 
Figure 5-28 plots the energy absorbed by the contacts against 𝐸𝐶 of 5-14. The solid 
blue line is x = y. All data points lie very close to the solid line, suggesting a good 
approximation. 
Figure 5-29 shows the spark intensity versus energy absorbed by the contacts that 
was shown previously in Figure 5-18 using black markers. Plotted as red markers is 
the same relationship using the approximated energy absorbed by the contacts 
determined by Equation (5-14). The red markers follow the black markers very 
closely. The figure demonstrates that it is possible to use the approximation of the 
energy absorbed by the contacts to determine if one sample will spark or is likely to 
spark more than another.  
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Figure 5-28: Plot of the energy absorbed 
by the contacts vs the approximated via 
Equation (5-14) 
Figure 5-29: Spark intensity (sum of pixel 
intensity) versus energy absorbed by 
contacts, ?̂?𝑪,𝒕  (black markers) with 
predicted energy absorbed by contacts 
(red markers) 
5.7.4 Final descriptive model of the energy absorbed by the contact in 
Experiment B 
The variables in Equation (5-14) include the contact resistance at the time of peak 
current and the action integral. Typically, the action integral is a known constant for a 
given prediction. An expression for the resistance at peak current was first found to 
provide an estimate for the CFRP resistance discussed in section 5.5. The analysis 
that determined the expression is detailed in Appendix G, and the expression is 
recalled below: 
 𝑅𝑇(𝑡𝐼𝑃) = 𝑅𝐶𝐹𝑅𝑃 +
𝐶1
√𝐴𝐼
(
1
𝐹
+ 𝐶2) (5-16) 
where, 𝑅𝐶𝐹𝑅𝑃 = 23.3 mΩ, 𝐴𝐼 is the action integral, 𝐹 is the applied force, 𝐶1 = 143.5 
and 𝐶2 = 3.47. 
Equation (5-16) can be combined with Equation (5-14), and the relationship between 
resistance and applied force, determined by the low current evaluation (Equation 
(5-2)), to provide a complete model as shown in Figure 5-30 
 
Figure 5-30: Model of the energy absorbed by the electrode-to-CFRP contacts in 
Experiment B 
where: 
 𝑅𝑝𝑟𝑒 is the measurable pre-strike resistance,  
 𝑅𝐶𝐹𝑅𝑃 is the CFRP resistance of the test sample,  
 𝑘𝑒is a constant relating to the electrode material (ref: Table 5-7),  
𝐸𝑐 ≈ 𝐶3 ∙ ?̂?𝐶(𝑡𝐼𝑃) ∙ 𝐴𝐼 − 𝐶4 
?̂?𝐶(𝑡𝐼𝑃) =
𝐶1
√𝐴𝐼
(
1
𝐹
+ 𝐶2) 
Current via 
contact 
𝐹 =
𝑘𝑒
𝑅𝑝𝑟𝑒 − 𝑅𝐶𝐹𝑅𝑃
 
𝑅𝑝𝑟𝑒 
𝐼2 
?̂?𝐶 
𝐸𝐶 
𝐹 
𝐼2 
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 𝐹 is the applied force between the electrode and the CFRP,  
 ?̂?𝐶(𝑡𝐼𝑃) is the contact resistance at the time of peak current,  
 𝐴𝐼 is the action integral,  
 𝐸𝐶 is the energy absorbed by the contact 
 𝐶1 = 143.5, 𝐶2 = 3.47, 𝐶3=1.47 × 10
−3, and 𝐶4 = 4.31. 
The only required inputs to the model are the CFRP resistance, the measurable pre-
strike resistance and the action integral of the excitation current. 
The model is based on the test arrangement of Experiment B and does not directly 
transfer to fastened joints. However, it demonstrates the possibility of using three 
simple variables that can be characterised to predict the energy absorbed by the 
contact. Although the coefficients in this model are not directly transferable to 
fastened joints, the variables and dependencies will not change, and thus, it should 
be possible to develop a similar model for fastened joints.  
5.8 Summary of contributions from Experiment B 
The contact resistance20 at the metal-to-CFRP interface is a function of 1 𝐹⁄ , where F 
is the applied force between the electrode and CFRP 
 This confirms that a metal-to-CFRP contact resistance behaves differently to the 
a metal-to-metal contact (1
√𝐹
⁄ ) but it differs to the relationship of (1 𝐹2⁄ ,) that was 
proposed by Anway et al. [52]. This could be attributed to the influence on the 
current distribution through the CFRP sample but has not been verified. 
The contact resistance set by the initial contact force varies substantially during the 
application of high current (>5 kA) 
 Significant decrease in the contact resistance up to the time of peak current 
 Increase in contact resistance after peak current as current decreases 
 More modification occurs to the contact resistance for a given current magnitude 
when the contact resistance is higher before the application of current 
 The rate of change in contact resistance from the initial state to the minimum value 
depends on current level – greater current, quicker decrease  
 At the instant of peak current, the contact resistance is related to the current 
magnitude – higher peak current, smaller contact resistance 
                                               
20 Note, the contact resistance here is the average contact resistance of both interfaces and 
the conclusion is specific to the sample geometry and CFRP lay-up used 
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 At the instant of peak current, the contact resistance is related to applied force – 
larger force is accompanied by lower contact resistance. However, at higher 
current levels, the influence of force becomes less significant. 
 At high current levels, the contact resistance decreases rapidly to approximately 
the same value, regardless of the initial contact resistance and remains largely 
the same for a large portion of the current application period. The influence of the 
initial contact force resumes only near the end of the strike.  
The intensity of sparks ejected from the interface is driven by the energy absorbed by 
the contact 
 The total energy absorbed by the contact is significantly influenced by the applied 
force even at high current levels where for a large duration of the excitation period, 
the applied force has negligible influence on the contact resistance 
 Precisely determining the energy absorbed by the contact requires the complete 
progression of the contact resistance during the current excitation period 
The energy absorbed by the contact can be approximated using the contact 
resistance at the instant of peak current as a substitute for the complete dynamic 
tendency of the contact resistance 
 The contact resistance at peak current is predictable using the action integral, the 
measured pre-strike resistance and the CFRP resistance 
 
5.9 Conclusion 
Experiment A found that outgassing is related to the magnitude of current injected 
into the fastener and the fit of the fastener in the hole, supporting previous evidence 
found in literature [10], [22], [24]. 
Experiment B found the reasons for this relationship by determining that the intensity 
of sparks generated at a metal-to-CFRP interface is a consequence of the magnitude 
of energy absorbed by the contact. The energy absorbed by the contact is a function 
of the current and the contact resistance (calculated using Equation (5-5)). 
Both experiments revealed that the contact resistance modifies throughout the strike. 
The contact resistance before the strike is a function of the applied force (contact 
force) at the interface. This force is related to the fastener fit in a fastened joint 
whereby a tighter fit applies a larger force between the interfacing components and 
this results in a smaller contact resistance prior to a strike. 
Experiment B found that the modification of the contact resistance during the strike 
strongly depends on the magnitude of current for scaled D-component lightning strike 
currents (seen in tests with 5 kA and above). 
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At the low current levels (5 kA), the contact resistance changes throughout the current 
excitation period and continues to be significantly influenced by the initial contact 
resistance throughout. At higher current levels (15 kA), the contact resistance rapidly 
decreases to a very low value and, for a long duration during the excitation period, 
there is very little influence from the applied force.  During this time, it is dominated 
by the application of current, and the applied force becomes more significant later in 
the excitation. 
It was found that the total energy absorbed by the contact is influenced by the pre-
strike contact conditions at all current levels tested. Although the difference caused 
by the applied force to the contact resistance during the strike at 15 kA was only 
significant towards the end of the strike, it caused significant change to the total 
energy absorbed by the contact and thus the spark intensity. 
Therefore, the calculation of energy absorbed by the contact to provide an accurate 
prediction of spark intensity at the interface must include the complete time 
dependency of the contact resistance throughout the strike.  
However, it was found that the energy absorbed by the contact can be sufficiently 
approximated by substituting the value of contact resistance at the instant of peak 
current for the complete time dependency of the contact resistance. Furthermore, the 
contact resistance at the instant of peak current can also be modelled using the action 
integral, pre-strike resistance and CFRP sample resistance as input variables. 
It should be remembered that the model that was developed is based on a specific 
test arrangement and, although it is representative of the phenomenon, the 
coefficients in this model do not directly transfer to fastened joints. The development 
of the model here demonstrates that it should be possible to develop a similar model 
of the energy absorbed by the fastener-to-CFRP contact in a fastened joint. 
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6 Development of measurement techniques to characterise 
lightning current and resistances along multiple paths in 
CFRP assemblies 
6.1 Introduction 
When lightning current enters a fastened joint from a direct attachment to the fastener, 
it distributes into the structure via multiple paths due to an impedance network 
composed of several resistances that begins at the test fastener. Each path consists 
of a contact resistance between the test fastener and the surrounding structure and 
the bulk material resistance of the structural component. The impedance of the 
fastener itself is negligible compared to the magnitude of these other resistances. 
Figure 6-1 shows a schematic diagram of a fastened joint. The total current (𝐼𝑡𝑜𝑡𝑎𝑙) is 
distributed into the four paths. A metallic lightning protection layer on the surface of 
the wing skin (𝐼𝐿𝑆𝑃) has much lower resistance than the bulk CFRP material of the 
wing skin (𝐼𝑠𝑘𝑖𝑛) and spar (𝐼𝑠𝑝𝑎𝑟). Therefore, the current path of the lightning strike 
protection layer (𝐼𝐿𝑆𝑃) carries a larger proportion of the total current. However, this 
depends on the nature of the contact between the fastener and the bulk material. In 
series with the bulk material resistances are individual contact resistances and, thus, 
the current share to the path depends on the sum of the bulk material resistance and 
the contact resistance; i.e. if there is a poor contact between the fastener and the LSP 
layer, it is possible that a path into the CFRP will carry a large proportion of current 
even though the bulk LSP resistance is less than the bulk CFRP resistance.   
 
Figure 6-1: Schematic diagram of a fastened joint showing multiple current paths that 
extend from a lightning struck fastener  
The distribution of current amongst these paths is crucial to the formation of 
outgassing. There is evidence, discussed in Chapter 2, that outgassing is related to 
the contact between the fastener shank and the structure in combination with the 
magnitude of current that is injected; i.e. the current paths involving the fastener 
shank (𝐼𝑠𝑘𝑖𝑛 and 𝐼𝑠𝑝𝑎𝑟) are pivotal.  
Icsk
Iskin
Ispar
Icsk
Iskin
Ispar
ILSP ILSP
Itotal
OAOA
OBOB
6-2 
 
The objective was to develop a means of characterising the distribution of current 
through the joint so that outgassing could be specifically related to the magnitude of 
current exchange at the shank region.  
Due to the complexity of the full joint, the number of potential current paths was 
reduced to two. This was achieved by removing the lightning strike surface protection 
path (𝐼𝐿𝑆𝑃) and the spar path (𝐼𝑠𝑝𝑎𝑟). Figure 6-2 is a schematic diagram of the 
simplified joint showing the two remaining current paths, the path extending from the 
countersink region of the fastener into the wing skin (𝐼𝐶𝑆𝐾) and the path extending 
from the shank region of the fastener into the wing skin (𝐼𝑠𝑘𝑖𝑛).  
The current in these paths can differ because the contact resistance at the 
countersink region of the fastener is significantly smaller than at the shank region of 
the fastener, especially if the fastener is installed in a clearance fit. Close contact at 
the countersink region exists due to the pre-load of the test fastener. Since the bulk 
material resistance in the two paths is equivalent (if the CFRP material is sufficiently 
large, the geometrical influence of the countersink is small), the difference in the 
contact resistance can cause a significant difference to the current distribution.   
 
Figure 6-2: Schematic diagram of a simplified joint showing two current paths 
required for individual measurement 
Although the joint has been simplified by removing two current paths, it maintains 
representativeness of the wing skin region, particularly local to the fastener 
installation. Accompanying the objective of the characterisation development was the 
requirement to ensure that the test method was not intrusive to the joint; i.e. the 
introduction of apparatus or the specific design of the test sample did not interfere 
with the joint configuration, particularly the fastener to CFRP interface.  
6.2 Design 
The method of implementing the characterisation technique involved the 
development of a bespoke test sample and test rig arrangement that facilitated the 
incorporation of commercially available current measurement devices. The test 
sample was designed to enable two independent current return connections at its 
outer edge. A current return connection was assigned to the countersink area and a 
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separate current return connection was assigned to the shank area. The test rig was 
then designed to integrate with the edge of the test sample and first continue the 
separation of the current paths whilst at the same time providing an equivalent 
impedance for each path from the edge of the test sample. The current measurement 
devices were integrated into the test rig rather than the test sample to be non-intrusive 
to the CFRP.  Details of the three aspects of the design are provided in the following 
subsections. 
6.2.1 Test sample 
The proof-of-concept test samples included a baseline and four alternative test 
samples that included small modifications. The modifications were identified primarily 
due to the manufacturing complexity and cost associated with the baseline design. 
This section first provides details of the baseline test sample design and then the 
modifications that were made to the four additional test samples.  
6.2.1.1 Baseline test sample details  
6.2.1.1.1 Geometry and fastener locations 
The design included one test fastener with the aim of achieving an axisymmetric 
current distribution through the CFRP laminate. The ideal scenario would be to use a 
circular shaped CFRP laminate with a central test fastener and a current return 
connection at the outer edge. However, the cost of producing circular CFRP laminates 
along with the associated waste makes them undesirable when compared to 
square/rectangular laminates. For this reason, an axisymmetric current distribution 
was only approximated using a square 250 x 250 mm CFRP laminate and the use of 
16 current return fastener connections, four at each edge. Figure 6-3 shows the basic 
scheme of the test sample with fastener locations.  
The size of the test sample was chosen so that it was sufficiently large to achieve a 
uniform current distribution and not be influenced by the directionality of the 
unidirectional CFRP plies. Mastrolembo et al. [59] showed by finite element 
electromagnetic simulation that the current density distribution in each ply direction 
was equivalent at a distance greater than 25 mm from the test fastener in a similar 
test sample configuration. 
The return fasteners were located specifically to avoid a direct fibre connection to the 
test fastener; i.e. none of the return fasteners were located along a path that extends 
from the test fastener at 0°, 45°, 90° or 135°. This prevents a preferential current path 
to a return fastener that may exist via a highly conductive direct carbon fibre 
connection.  
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Figure 6-3: Plan view of general layout of the test sample with fastener hole locations 
6.2.1.1.2 CFRP material and layup 
The CFRP material used for the test sample was a variant of Hexcel M21E. Laminates 
were laid up to achieve a quasi-isotropic layup. There was a total of 32 plies of CFRP 
with 8 plies in each direction: 0°, 45°, 90° or 135°. The ply layup is shown in Table 
6-1.  
The layup is symmetric about the centre point and was also chosen so that the outer 
8 plies had the same number of plies in each direction. This was because the 
countersink region of the particular size of test fastener chosen for the tests was 8 
plies deep and thus it ensured that the directionality was equivalent for both the 
countersink and shank regions.  
Table 6-1: CFRP laminate ply layup 
Ply 
number 
Ply  
orientation (°) 
Ply 
number 
Ply  
orientation (°) 
Ply 
number 
Ply  
orientation (°) 
1 135 13 45 25 0 
2 45 14 0 26 45 
3 0 15 135 27 135 
4 0 16 45 28 90 
5 135 17 90 29 90 
6 45 18 90 30 45 
7 90 19 0 31 135 
8 90 20 0 32 0 
9 GFRP 21 90 33 0 
10 GFRP 22 90 34 45 
11 GFRP 23 45 35 135 
12 135 24 135 36 GFRP 
The layup of the baseline test sample included three glass fibre reinforced plastic 
(GFRP) plies between the CFRP plies of the countersink region and the CFRP plies 
of the shank region. The GFRP plies are non-conductive and, thus, it ensures that 
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there can be no current exchange between the two current paths that may occur 
through the thickness of the CFRP laminate between the test fastener and the edge 
of the test sample.  
The GFRP material was Hexcel M21/56%/1080/1100 with cured ply thickness (CPT) 
of 66 μm providing a total electrical insulation thickness of approximately 0.2 mm. The 
location of the GFRP insulation layer in relation to the test fastener is shown 
schematically in Figure 6-4. 
 
Figure 6-4: Cross-sectional view of the test fastener showing location of GFRP 
It was not clear if the GFRP plies were necessary because the electrical conductivity 
along the fibre direction of a CFRP ply is more than 1000 times greater [59], [60] than 
the electrical conductivity through the thickness of the laminate. However, the 
principle used for measuring the current distribution at the test fastener (discussed 
below) relied on the same distribution existing at the edge of the laminate; i.e. some 
distance from the test fastener. For this reason, the insulation layers were introduced 
into the layup but their necessity was investigated by the other proof-of-concept 
samples.  
6.2.1.1.3 Method of characterising each current path 
The method of characterising the current in each current path followed a similar 
principle of a test method discussed in [13]. Revel et al. [13] created a single circular 
test sample with a central test fastener to join a CFRP laminate to a metal disk, 
mimicking the joint of a CFRP wing skin and a metal rib. The test sample was 
connected to the test rig at the outer edge using fasteners that alternated connections 
between the two components. A diagram and photograph of their test sample is 
shown in Figure 6-5.  
For example, to connect the wing skin component (part 1 in Figure 6-5) to the test rig, 
sections of the rib were cut out so that the rib was isolated from the skin current return 
fasteners.  
8 plies CFRP (2.032 mm nom.)
3 plies GFRP (0.198 mm nom.)
24 plies CFRP (6.096 mm nom.)
EN6114 dia.4 csk head depth = 1.88 mm
Total laminate thickness = 8.392 mm
1 plies GFRP (0.066 mm nom.)
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Figure 6-5: Test sample diagram and photograph from Revel et al. [13] 
The principle was applied to the CFRP laminate so that similar cut-outs were created 
at the periphery of the sample. The top surface included a set of cut-outs to the depth 
of the test fastener countersink region (cut-out set A). The bottom surface also 
included a set of cut-outs to the depth of the countersink region (cut-out set B). The 
cut-outs alternated fastener-by-fastener around the periphery of the sample. This 
meant that a fastener installed through cut-out set A would only contact CFRP plies 
of the shank region and a fastener installed through cut-out set B would only contact 
CFRP plies of the countersink region. Figure 6-6 and Figure 6-7 show a plan view of 
the baseline test sample and a cross-sectional view through one edge of current 
return fasteners, respectively. The assignment of fasteners from left to right to the two 
different regions of test fastener is shank, countersink, shank, countersink. Sketches 
with dimensions are provided in Appendix C. 
 
Figure 6-6: Plan view of top side (left) and bottom side (right) of baseline test sample 
showing both sets of alternating cut-outs 
AA
A A
B B
B B
Top side Bottom side
Cut-out 
set A
Cut-out 
set B
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Figure 6-7: Cross-sectional view through one edge of current return fasteners of the 
baseline test sample showing the alternating arrangement of the cut-outs (refer to 
plan view for the location of the section) 
The manufacturing of the baseline sample included cutting out the pre-impregnated 
CFRP ply into a castellated shape using a template before laying up the plies into a 
laminate. The 8 top side plies were laid onto the tool face first and the cut-outs were 
filled with several layers of GFRP. Three layers of GFRP (not cut) were then laid onto 
the top 8 plies. This was followed by another 16 plies of CFRP with cut-outs opposite 
to that of the first 8 plies. Again, the cut-outs were filled with GFRP. The final cured 
state was a square laminate with a flat top and bottom surface that contained 
alternating 30 x 30 mm GFRP inserts along the outer edge. The test samples were 
manufactured by the National Composites Centre in the UK.  
6.2.1.1.4 Fasteners 
The fastener located in the centre of the test sample was the test fastener and the 
entry point for current. Current was applied via an electrode in direct contact with the 
fastener head. Further detail is given in section 6.2.2. The test fastener was installed 
in a clearance of nominally 20 μm. Details of the test fastener and hole dimensions is 
provided in Table 6-2. 
Table 6-2: Test fastener details 
Bolt EN6114T4-7 
Nut ASNA2531-4 
Nominal closing torque 8 Nm 
Hole diameter 6.347 – 6.353 mm 
The current return fasteners were protruding head fasteners and spaced from the 
laminate so that the only contact with the CFRP was via the shank. They were 
installed in interference fit with the CFRP laminate. This minimises the contact 
resistance between the fastener and the CFRP so that it is much smaller than the 
contact resistance at the test fastener shank. It is made even more significant 
because there are 16 resistances in parallel. The low initial contact resistance means 
that any variation during the strike is very small and, thus, a variation of the resistance 
during the strike is dominated by the variation in the test fastener contact resistance.    
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Table 6-3: Current return fastener details 
Bolt EN6115T5 
Nut ASNA2531-5 
Nominal closing torque 12 Nm 
Hole diameter 7.85 ± 0.025 mm 
6.2.1.2 Differences in the proof of concept samples 
Four further test samples were designed and manufactured in addition to the baseline 
test sample for proof-of-concept tests to evaluate the test sample performance in 
terms of the technical objective for current repartition characterisation but also in 
terms of its manufacturability. The baseline test sample was assigned as Concept 1. 
Details of the other four concepts are given below with detailed sketches provided in 
Appendix C. 
Concept 2 was the same as Concept 1 with the only change being the removal of the 
three GFRP plies located between the countersink and shank regions. Therefore, the 
ply lay-up of Concept 2 was modified to that provided in Table 6-4. The aim of this 
test sample was to investigate the necessity of introducing the GFRP separation layer 
into the laminate.   
Table 6-4: Ply lay-up of test samples not containing GFRP separation layer 
Ply 
number 
Ply 
orientation (°) 
Ply 
number 
Ply 
orientation (°) 
Ply 
number 
Ply  
orientation (°) 
1 135 12 135 23 45 
2 45 13 45 24 135 
3 0 14 90 25 90 
4 0 15 90 26 90 
5 135 16 0 27 45 
6 45 17 0 28 135 
7 90 18 90 29 0 
8 90 19 90 30 0 
9 135 20 45 31 45 
10 45 21 135 32 135 
11 0 22 0 33 GFRP 
Concept 3 was the same as Concept 1 but instead of the current return cut-outs 
alternating fastener-by-fastener, they alternated edge-by-edge. Figure 6-8 and Figure 
6-9 show a plan view of Concept 3 and a cross-sectional view through one edge of 
current return fasteners, respectively. Like Concept 1, strips of GFRP were used as 
inserts along the edges where the current return fasteners were located.  
This scheme simplifies the manufacturing process by reducing the complexity of 
cutting out each individual ply into a castellated shape. The compromise is that it 
reduces the accuracy of the approximation to an axisymmetric current distribution 
since the current flow from the countersink region is only to two edges of the test 
sample and similarly the current from the shank region is to the opposite two edges. 
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Comparisons were made with the other concepts to observe the effect of the different 
current distribution.   
 
Figure 6-8: Plan view of top side (left) and bottom side (right) of test sample concept 3 
 
Figure 6-9: Cross-sectional view through one edge of current return fasteners of 
Concept 3 showing the countersink return fasteners (refer to plan view for the 
location of the section) 
Concept 4 was the same as Concept 1 but instead of the cut-outs being made to the 
pre-cured CFRP plies, a square laminate was laid up and cured.  The cut-outs were 
later machined to the required depths. The location of the cut-outs was the same as 
the baseline. However, the shape of the cut-outs was slightly different to avoid a top 
surface cut-out overlapping a bottom surface cut-out and effectively creating a hole 
through the laminate.  
Concept 5 was the same as Concept 4 with the only change being the removal of the 
three GFRP plies located between the countersink and shank regions. Therefore, the 
ply lay-up of Concept 5 was modified to that of Concept 2, shown in Table 6-1. 
Figure 6-10 is a plan view of Concepts 4 and 5. 
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Figure 6-10: Plan view of top side (left) and bottom side (right) of test sample concept 
4 and 5 
6.2.2 Test rig 
The MBLL flat panel test rig was used with an adaption that was designed and 
manufactured in house to provide two separate paths from the test sample to the rig 
of equivalent impedance with the possibility of incorporating the current measurement 
devices (ref: section 6.2.3). 
The adaption included the design of interfacing brackets that were fastened to the 
periphery of the test sample. There was a total of 8 interfacing brackets, split equally 
between countersink and shank regions with one of each type connected at each of 
the four edges. Figure 6-11 includes 3D sketches of the top and bottom of the 
interfacing brackets connected to the baseline test sample. The yellow brackets are 
those assigned to the countersink region and the blue brackets are those assigned to 
the shank region. The brackets were constructed from aluminium and were spaced 
from the test sample using non-conductive spacers manufactured from 
Tufnol 10G/40. Although the base ply of the test sample was GFRP, this provided 
further reassurance that all current entered the interfacing brackets via the return 
fasteners and not via surface-to-surface contact between test sample and bracket. 
The joint stack at the current returns is detailed in Appendix C.5.  
The final modification was to close the 550 x 550 mm open aperture in the standard 
flat panel rig to accommodate the smaller test sample dimension. This was achieved 
by using two separate metallic frames, one to connect to the top brackets and one to 
connect to the bottom brackets. 
Top side Bottom side
Cut-out 
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Cut-out 
set B
A A
A A
B B
B B
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Figure 6-11: 3D representation of test sample showing detail of interfacing brackets 
(top side – left, bottom side – right) – courtesy of C. Stone (MBLL) 
Figure 6-12 includes 3D sketches of the top and bottom view of the test sample 
integrated into the standard MBLL test rig. The other metallic plate in this figure is the 
standard current return plate. The metallic frames at the top and bottom can be seen 
connected between the outer plate and interfacing brackets. 
 
Figure 6-12: 3D representation of test sample to test rig integration (top side – left, 
bottom side – right) – courtesy of C. Stone (MBLL) 
The interfacing elements of the test rig ensure that the geometry of the paths was 
almost identical and thus both the resistance and inductance of each path was 
equivalent.  
Current entered the test fastener via an electrode in contact with the test fastener 
head with an applied contact force. This ensured that all of the current entered the 
fastener head and not directly into the CFRP surface. For further reassurance of this, 
the surrounding edge of the countersink hole was overlaid with a dielectric material 
(Kapton tape). Kapton has a large dielectric strength and, therefore, it prevented an 
electrical discharge from the edge of the electrode to the CFRP surface. Additionally, 
the surface of the fastener head was lightly abraded before contact with the electrode 
to remove the fastener surface treatment. 
Figure 6-13 depicts a photograph of the high voltage electrode in contact with the test 
fastener.  
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Figure 6-13: High voltage electrode in contact with the fastener head showing 
surrounding Kapton tape and threaded electrode used to apply contact force 
6.2.3 Current measurement device 
The interfacing brackets provided space for the incorporation of Rogowski coils. A 
single Rogowski coil was used to measure the current through each interface bracket. 
Therefore, eight Rogowski coils were used and one coil measured the current from 
two return fasteners at each side of the test sample. Thus, the total current in the 
countersink and shank regions was calculated from the sum of four Rogowski coil 
measurements. Figure 6-14 is a photograph of test sample Concept 4, installed into 
the test rig prior to test, showing the locations of the eight Rogowski coils.  
 
Figure 6-14: Test sample concept 4 shown assembled into the test rig showing 
integration of current measurement devices 
The Rogowski coils were all of type CWT600 MINI, manufactured by PEM UK Ltd. 
Each Rogowksi coil had an individual battery powered integrator that was calibrated 
for use with each device by the manufacturer. The Rogowski coil specification is 
provided in Appendix C.6. 
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Two four-channel battery powered Tektronix TDS3034S oscilloscopes were used to 
measure the output of each Rogowski coil integrator. A separate oscilloscope was 
used to capture the four measurements of each current path region. 
Both oscilloscopes were sampled at 50 MHz and were synchronised to the current 
injection waveform by means of a trigger pulse. Refer to section 4.3.5 for further 
information on synchronisation to the injection current.  
6.3 Proof of concept tests 
6.3.1 Circuit model and simulated currents 
Figure 6-15 is a simple circuit schematic of the test sample. It includes the resistances 
of the two paths, the countersink region and the shank region. Each region consists 
of a CFRP resistance which is the bulk resistance of the material and a contact 
resistance that exists between the central test fastener and the CFRP.  
Included in the schematic is an icon for measured voltage. However, in practice the 
measured voltage was across the test sample from the test fastener to the metallic 
element of the test rig. As explained in section 6.2.1.1, the current return fasteners 
were installed in interference fit to minimise the contact resistance, the variability in 
the contact resistance between each fastener and to reduce the variation in the 
contact resistance during the strike. Since the return fastener configuration of both 
regions is equivalent, the distribution of current between the two paths is not 
influenced by the return fastener contact resistance. Therefore, the circuit schematic 
does not include the contact resistances of the current return fasteners that would be 
included in the voltage measurement.   
 
Figure 6-15: Simple circuit schematic of the test sample 
It is possible to estimate the four resistances to predict the proportion of the total 
current that could distribute to the two paths. 
I
C
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I
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I
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R
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The CFRP material resistance can be calculated by approximation of a coaxial current 
distribution from the central test fastener. By this approximation, the expression for 
the resistance between two concentric circles can be used: 
𝑅 =
1
2𝜋𝜎𝑡
𝑙𝑛 (
𝜑𝑜𝑢𝑡
𝜑𝑖𝑛
) (6-1) 
where, φout is the diameter of the outer circle and φin is the diameter of the inner circle; 
i.e. the distance between the centre of the test sample and the current return fastener 
and the diameter of the test fastener, respectively. σ is the electrical conductivity of 
the CFRP and t is the thickness of the CFRP. The derivation of this equation is 
provided in Appendix D.  
The parameters used for calculating the material resistance of each region are given 
in Table 6-5. The CFRP conductivity is taken as an average conductivity of the 
directions along the fibre and transverse to the fibre that is calculated for the material 
used. The value is taken from an internal Airbus test report [61]. For simplicity, the 
resistance of the countersink region is calculated for a range of inner diameters since 
the countersink is a conical frustum with smallest diameter equal to the fastener shank 
and largest diameter equal to the fastener head. 
Table 6-5: Parameters used for calculating material resistance 
Countersink 
region 
σCFRP (S/m) 8872  
Shank  
region 
σCFRP (S/m) 8872  
t (mm) 2.032 t (mm) 6.096 
φout (mm) 220 φout (mm) 220 
φin (mm) 6.35-10.88 φin (mm) 6.35 
Using these parameters, the resistance of the countersink region and shank region is 
calculated to be 27 to 32 mΩ and 10 mΩ, respectively.  
Unlike the material resistance, it is difficult to provide an analytical approximation of 
the contact resistance. It can be expected that the contact resistance of the shank 
region is significantly greater than that of the countersink region for a clearance fit 
fastener and, thus, a first approximation is that the shank region is 10 times greater 
than the countersink region. Thus, if the contact resistance of the countersink region 
is 10 mΩ, the contact resistance of the shank region is 100 mΩ.  
The sensitivity of these resistances to the current distribution can be observed via a 
parameter sweep in a circuit simulation. PSpice was used to simulate the circuit of 
Figure 6-15, initially using the resistance values stated above. An analytical 
representation of the D-component lightning strike waveform was created using the 
tools in Orcad Capture. Figure 6-16 shows the circuit used to generate the current 
waveform and a comparison between the PSpice simulated waveform and the 
D-component current waveform generated at MBLL. The current source is a PSpice 
exponential current source where TC1 and TC2 are the rising and falling time 
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constants, TD1 is the delay before the start of the rising edge and TD2 is the delay 
between the rising edge and the falling edge.  
 
Figure 6-16: Comparison of the MBLL D-component waveform and analytical 
waveform generated in PSpice 
Figure 6-17 shows the simulated current waveforms and the joint circuit schematic 
using the initial estimates for the resistance values. The peak values of the current 
waveforms provide a 73:27 distribution between countersink and shank regions. 
 
Figure 6-17: Simulated currents and joint circuit schematic using the initial estimates 
of path resistances (Rb-csk = 10 mΩ, Rb-sh = 100 mΩ, Rcsk = 30 mΩ, Rsh = 100 mΩ) 
A parameter sweep of the countersink contact resistance was performed to assess 
the effect on the current distribution due to the uncertainty of the estimates described 
above. The objective was to observe the influence of the relative difference between 
the two contact resistances since it is these that drive the distribution of current. Thus, 
it is only necessary to observe the effect of a change to one of the contact resistances. 
The countersink contact resistance was varied from 10 mΩ to 100 mΩ; i.e. to a value 
when the countersink contact resistance was the same as the shank contact 
resistance. Figure 6-18 shows how the percentage distribution of the current varies.  
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Figure 6-18: Simulated distribution of current between countersink and shank regions 
for a variation to the contact resistance at the countersink region 
The plot shows that when the contact resistance of both regions becomes equivalent, 
most of the current flows in the shank region due to the lower resistance of the bulk 
CFRP material. This is a significant observation and becomes important later in the 
chapter. In practice, the shank contact resistance varies during the lightning strike, 
whereas the countersink contact resistance is relatively stable due to the low initial 
contact resistance. This means that the relative difference between the two contact 
resistances vary throughout the strike, which was not accounted for in the simulation. 
6.3.2 Experimental evaluation 
This section presents the experimental results of only the baseline sample 
(Concept 1). The following section provides a comparison of the other four concepts. 
The experimental procedure consisted of the following steps: 
a. Measurement of the low current resistance of each current path before high 
current tests (refer to section 4.3.5.1 for details) 
b. Installation of the test sample into the test rig 
c. Three consecutive D-component current injections of increasing magnitude – 
5 kA, 20 kA and 50 kA (refer to Appendix A.2 for details of lightning current 
waveforms) 
d. Measurements of: 
i. Current – total injected, countersink region and shank region 
ii. Voltage – using voltage measurement technique discussed in Chapter 3 
iii. Pressure and light using outgassing diagnostic tool (refer to section 
4.3.5.4 for details) 
iv. Long exposure visual photography of the nut cap using a digital camera 
(refer to section 4.3.5.5 for details) 
e. Removal of the test sample from the test rig 
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f. Measurement of the low current resistance of each current path following high 
current tests (refer to section 4.3.5.1 for details) 
Figure 6-19 shows the current waveforms for the three strikes. The top row in the 
figure shows the current waveforms for the 5 kA strike, the second row for the 20 kA 
strike and the third row for the 50 kA strike. In each row, the left plot shows an overlay 
of the four countersink current measurements and the middle plot shows an overlay 
of the four shank current measurements labelled A, B, C and D. The plot on the right 
shows an overlay of the total current injected into the fastener labelled ‘rig’, the sum 
of the four countersink currents labelled ‘CSK’ and the sum of the four shank currents 
labelled ‘Shank’.  
When comparing the three current levels, the discontinuous shape of the countersink 
and shank current waveforms for the 5 kA strike compared to the total injected current 
is noticeable. The shape of the shank and countersink currents for the 20 kA and 
50 kA strikes shows a much closer resemblance to the shape of the total injected 
current.  
Another significant difference of the 5 kA strike is that the countersink region carries 
the greatest proportion of current throughout the strike. This is the opposite situation 
to the subsequent strikes whereby the shank region carries the greatest proportion 
throughout, showing a significant difference at peak current. 
This difference can be explained by the modification of the contact resistance 
between the fastener and the structure in both regions during the strike. The 
modification is most significant during the first strike and it is irreversible meaning that 
a lower contact resistance exists prior to the second strike and an even lower contact 
resistance exists prior to the third strike due to the increasing current amplitude for 
each consecutive strike.  
This process is investigated and discussed in detail in Chapter 7 but evidence of the 
modification of the resistance due to the high current can be shown here by 
comparing the resistance values before and after the three strikes and at a specific 
time during each of the three strikes. The specific time is taken at the time of peak 
current where the reactive contribution to the voltage is zero; i.e. when there is no 
influence from inductance to the voltage measurement. The values are shown in 
Table 6-6 and plotted in Figure 6-20. 
 
6-18 
 
 
Figure 6-19: Current waveforms of strikes to baseline sample (left = countersink currents, middle = shank currents, right column = total current)
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Table 6-6: Resistance measurements of the baseline sample 
 Pre-strike 
resistance 
Low 
current 
Resistance 
at peak 
current 
5 kA 
Resistance 
at peak 
current 
20 kA 
Resistance 
at peak 
current  
50 kA 
Post-strike 
resistance 
Low 
current 
Countersink 
region 
41.60 36.04 32.32 26.87 31.50 
Shank 
region 
528.70 48.85 15.35 10.24 15.80 
 
Figure 6-20: Plot showing change of resistance of the baseline sample due to high 
current excitation 
The resistance data shows that before any strikes, the resistance of the shank region 
is much higher than the resistance of the countersink region. As explained, this can 
be expected due to the fastener clearance (low contact force at shank) and fastener 
pre-load (high contact force at countersink). However, at the time of peak current of 
the first strike, the shank resistance has decreased by an order of magnitude whereas 
the countersink resistance has only decreased by a few mΩ. At the time of peak 
current for the first strike, the resistance of the shank region is still greater than that 
of the countersink region but the difference is only 10 mΩ. 
The subsequent two strikes at higher current magnitude reduce the resistance at peak 
current of the two regions further. However, the decrease is again more significant for 
the shank region. The resistance of the shank region for these two strikes is less than 
that of the countersink region and is the reason why the shank region carries the 
largest proportion of current as seen in Figure 6-19.  
The resistance measurement taken after the strikes shows that both regions are 
about 5 mΩ higher than during the final strike. However, there is a permanent change 
from the pre-strike resistance, which is much more significant for the shank region. 
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This reinforces the earlier statement that after the first strike, a permanent change 
has occurred to the resistance and further change occurs after the second strike. 
6.3.3 Comparison of test samples 
As explained in section 6.2.1.2, the test sample concepts varied by design in terms 
of the presence of a GFRP electrical insulation layer between the two current paths 
and the location of the current return fasteners (Concept 3) that may influence the 
current distribution. The path resistance was examined to determine the effect of 
these variations between the five concepts. 
Figure 6-21 shows the pre-strike and post-strike resistances for the countersink and 
shank regions. Concepts 2 and 5 are those where there was no GFRP insulation 
between the two regions. 
 
Figure 6-21: Pre-strike and post-strike resistance of the two regions for each sample 
concept 
For concepts that include GFRP insulation, the shank resistance was much greater 
than the countersink resistance before the tests. As previously explained, this is 
expected because of the different contact forces. The contact resistance of the shank 
can be expected to be much greater than that of the countersink because of the 
significant difference in the contact force. However, the resistance of the two regions 
was approximately the same before the strike for concepts that did not include a 
GFRP insulation layer. After the strikes, the shank resistance was lower than the 
countersink resistance for all concepts. As explained in the previous section, this is 
due to the large modification of the contact resistance at the shank during the strike. 
The fact that the resistances of the two regions appear to be the same for cases 
without GFRP insulation suggests that the measurement of the shank region for these 
cases is not simply the sum of the CFRP material resistance in the depth of the shank 
region and the contact resistance between the shank and the CFRP. It is possible for 
current exchange to exist through the depth of the laminate between the two regions 
in these two concepts. This means that due to the large contact resistance at the 
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shank, a measurement between the current return locations and the test fastener is 
really a measurement of the countersink contact resistance plus the through thickness 
resistance of the CFRP; i.e. the current flow in the measurement is not via the shank 
contact resistance. This is the reason why the shank resistance appears to be the 
same as the countersink resistance. Figure 6-22 shows the explanation pictorially. 
The top diagram shows the path of the current for the countersink measurement and 
the bottom diagram shows the path of the current for the shank measurement.  
 
Figure 6-22: Diagram explaining the current path in the two measurements when no 
GFRP insulation layer exists 
The difference in the resistance at peak current is also noticeable when the insulation 
layer is not used. Figure 6-23 is a plot of the resistance at peak current for both 
regions at each current level providing a comparison between Concepts 1 to 4. 
Unfortunately, Concept 5 cannot be included in the plot due to a loss of in-strike 
measurement data.  
All points where a GFRP insulation layer exists are of a very similar value. However, 
Concept 2 points show differences. The most noticeable difference is for the 5 kA 
strike. The resistance of the shank region is less than the countersink region whereas 
the opposite is true for all other samples. The samples behave more similarly at high 
peak current (subsequent strikes) because the contact resistance between the shank 
and countersink has reduced and, therefore, is not as significant in the distribution of 
current. 
Although the interchange of current through the thickness of the laminate is 
representative of the realistic joint situation, it is detrimental to the test technique 
because the objective is to determine the current distribution from the test fastener 
into the surrounding material. This cannot be evaluated when no GFRP insulation 
layer is present. For this reason, a GFRP insulation layer is mandatory for this test 
technique and the objective of characterising the current distribution between the 
countersink region and shank region of the test fastener.  
Countersink 
measurement 
Shank 
measurement 
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Figure 6-23: Comparison of the resistance at peak current for concepts 1 to 4 
Concept 3 was the test sample where the current return fasteners of countersink and 
shank regions did not alternate fastener by fastener around the periphery of the test 
sample. The resistance data presented in Figure 6-21 and Figure 6-23 does not show 
any noticeable difference in Concept 3 in comparison to Concepts 4 and 5. The 
resistance at peak current shows remarkable similarities for these three concepts at 
all three current levels. The fact that the resistance data shows no considerable 
difference provides confidence that the possible difference in the current distribution 
across the laminate is not significant to the current distribution through the test 
fastener. Two other means of observation were used to reinforce that confidence.  
The outgassing diagnostic tool (ref. section 4.3.5.4) was used during the tests to 
characterise the pressure intensity released from the joint during any outgassing 
event.  
Figure 6-24 provides the peak pressure from this measurement for all strikes to 
Concepts 1 to 4. For the same reasons as explained previously, the data from 
Concept 5 is not included.  
 
Figure 6-24: Peak outgassing pressure for the three strikes to concepts 1 to 4 
The peak pressure for all concepts is similar for all strikes. At 5 kA, there is no 
outgassing from the joint due to the low current that is distributed to the shank region. 
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However, outgassing occurs at the two high currents and has a greater peak pressure 
when current in the shank region increases. 
All of the peak pressures of the 50 kA strike are greater than all of the peak pressures 
of the 20 kA strike. Based on the peak pressure data, it cannot be said that the 
difference in the Concept 3 test sample design causes a significant difference to the 
outgassing pressure. At 50 kA, Concept 3 has the greatest pressure. However, the 
relative difference to Concept 4 is less than the difference between Concepts 1 and 
4 that are identical apart from the method of cutting the return fastener connection 
that does not influence the test data. Thus, it is very likely that the differences in the 
peak pressure are not caused by the test sample configuration. 
The test fasteners of Concept 3 and Concept 4 were removed from the samples 
following the tests for comparison of the surface damage. This was to inspect if there 
was any preference in the damage distribution that may be attributed to a modification 
of the current density distribution across the fastener surface. This could indicate if 
the different fastener return positions caused a change to the current distribution local 
to the test fastener.  
Figure 6-25 shows photographs of the fastener surface. Each photograph is of the full 
surface which is composed of 16 separate photographs taken around the 
circumference of the fastener that have been cropped and stitched together. Next to 
the photographs is an indication of the approximate locations of the CFRP laminate, 
washer and nut when the fastener was installed in the joint.  
The photographs show a large amount of surface damage in the CFRP region of the 
fastener which is most significant in the shank region. Large areas of the countersink 
region are undamaged. This corresponds to the significant resistance modification of 
the shank region which is explored later in Chapter 7.  
Both photographs show evidence of material flow from the shank region that damages 
the surface located at the washer; i.e. where no current exchange exists. This 
appears to be more significant for the concept 4 fastener. The material flow could be 
caused by the mechanical configuration of the joint such as the location of the escape 
path. Since surface damage caused by current exchange exists entirely around the 
circumference of the fastener, it is difficult to justify from these images that the 
arrangement of the return fasteners in Concept 3 causes any significant difference to 
the current distribution local to the test fastener surface. Therefore, the tests revealed 
no evidence that the Concept 3 configuration behaved differently in terms of the 
resistance of the current paths or the outgassing that is produced from the joint.  
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Figure 6-25: Photographs of the fastener surface of concepts 3 (top) and 4 (bottom) 
taken following removal from the samples after the strikes 
6.3.4 Discussion regarding simulated and experiments currents 
It is clear from the experimental data that the simple circuit model is not sufficient to 
simulate the current repartition throughout the temporal evolution of the strike 
because of the non-linearity of the contact resistance.  
Figure 6-20 shows that both the countersink and shank regions decrease in 
resistance with increasing current. Note the decrease observed in these tests is not 
only due to increasing current but also due to the larger current magnitude strikes 
being consecutive strikes to the same sample.  
In Figure 6-20, the resistance of the shank region decreases by 31 mΩ from strike 1 
to strike 2 and by 5 mΩ between strike 2 and strike 3 showing that the magnitude of 
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contact resistance modification decreases with subsequent strikes and tends to zero 
leaving only the bulk material resistance. For the 50 kA strike, the resistance at peak 
current was measured at 27 mΩ and 10 mΩ for the countersink and shank paths, 
respectively. In comparison, the CFRP material resistance calculated in section 6.3.1 
were 27-32 mΩ and 10 mΩ, respectively. Therefore, at 50 kA, the resistance of each 
path is dominated by the bulk material resistance at peak current with little 
contribution from the contact resistance.  
This is interesting because it is the material resistance that drives the current 
distribution at high current levels enabling simple prediction of the worst case current 
magnitude into the shank region. 
6.4 Conclusion and contributions 
The contributions from this chapter can be summarised as follows: 
 An experimental technique, utilising bespoke test samples, has been developed 
to characterise the current distribution to the countersink and shank regions of a 
CFRP joint. 
 The bespoke test sample must include an electrical insulation layer between the 
two CFRP regions. 
 The experimental design successfully characterised the resistances involved in a 
CFRP joint and can be used to study the modification of the interface resistances 
during current excitation.  
o The resistance at the shank region of a clearance fit fastener is initially 
higher than the countersink region 
o The shank resistance decreases with consecutive strikes of increasing 
magnitude to a point where the current path is controlled by the bulk CFRP 
resistance.  
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7 An evaluation of the distribution of current between 
countersink and shank paths in a fastened joint: 
Experiment C 
7.1 Introduction 
Chapter 5 investigated the influence of the fastener shank-to-structure interface and 
determined that outgassing is related to the energy absorbed at this interface. 
Experiment A, in Chapter 4, was designed so that all of the current injected into the 
fastener exchanged across the shank-structure interface. It was previously discussed 
in Chapter 6 that a structural wing joint on an aircraft consists of multiple current paths. 
Therefore, a direct strike to a fastener results in a distribution of current from the 
fastener into the structure, and only a portion of the total current is exchanged at the 
shank region. The distribution of current is defined by the impedance network which 
is modified depending on design parameters of the joint. For example, the density of 
a metallic surface layer influences its resistance which modifies the impedance 
network.  
The intention of this evaluation was to confirm that outgassing corresponds only to 
the energy absorbed by the shank contact when it is part of a more complex 
impedance network. This, then, demonstrates that tuning the impedance network by 
modifying design parameters of the joint limits current to the shank and can influence 
the occurrence of outgassing.  
7.1.1 Objectives of experiment 
 To analyse the variation of the shank-to-structure contact resistance when part of 
a distributed impedance network 
 To determine the energy absorbed at the interface that is a consequence of the 
contact resistance modification and the distribution of current 
 To confirm that the intensity of outgassing corresponds only to the energy 
absorbed by the shank contact  
7.2 Experimental design 
7.2.1 Methodology 
The principle was to increase the complexity of the fastened joint from the simple 
case analysed in Chapter 4 so that the additional current path from the countersink 
region of the fastener exists in parallel to the current path from the shank region. The 
characterisation technique that was developed and discussed in Chapter 6 was 
utilised to measure the distribution of current between the two regions. 
Two variables were used in the experiment: 
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 The tightness of the fastener fit at the shank  
 The magnitude of the total injected current 
These were both variables of Experiment A. It was shown that they both contribute to 
the change in resistance at the shank interface and, thus, the energy absorbed by the 
contact.  
The fastener fit at the shank was varied by modifying the hole diameter in the CFRP. 
As discussed in Chapter 4, interference fit corresponds to the case where the hole 
diameter is less than the shank diameter and clearance fit is the vice-versa. The 
dimensions of the drilled countersink were nominally identical for all samples.  
The current magnitude was varied by scaling the peak current in the same manner 
as that discussed previously. 
7.2.2 Test matrix 
Table 7-1 is the test matrix of the evaluations performed in this work, showing a total 
of 10 tests. The baseline configuration was assigned to the clearance fit case at a 
current magnitude of 50 kA. Three nominally identical samples were tested of each 
configuration. One sample (20 kA, clearance fit) was tested twice to observe the 
difference in the current distribution when the contact resistance has been previously 
modified.   
Table 7-1: Test matrix of distributed current evaluations 
Test 
ID 
Variable 
Fastener 
diameter 
(mm) 
Fastener 
fit (mm) 
Current 
magnitude 
(kA) 
No. of 
tests 
1 Baseline 6.35 +0.02 50 3 
2 Fit 6.35 -0.02 50 3 
3 Current 6.35 +0.02 20 3 
4 
Repeat 
strike 
6.35 +0.02 20 1 
7.2.3 Test sample design 
The test sample design was equivalent to Concept 3 discussed in Chapter 6 except 
that the edges were machined to provide the countersink or shank connections. Refer 
to chapter 6 for details of the test sample geometry, material and ply lay-up. Sketches 
are provided in Figure 7-1 and Figure 7-2. Photographs of the test sample are shown 
in Figure 7-3. 
Eight machined cut-outs can be seen on the top surface surrounding the holes for the 
current return fasteners. These cut-outs are 8 CFRP plies deep and ensure that the 
current return fasteners that are installed into these holes only contact the carbon 
fibres that contact the shank region of the central test fastener. Similarly, eight 
machined cut-outs are visible on the bottom surface. These cut-outs are 24 plies deep 
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and ensure that the current return fasteners installed in these holes only contact the 
carbon fibres that contact the countersink region of the test fastener.  
 
Figure 7-1: Plan view (countersink side) of the distributed current test sample 
 
Figure 7-2: Cross-sectional view of the distributed current test sample 
The only difference between the nine samples was the diameter used for the central 
test fastener through hole. The diameter specification for the two hole types was: 
 Clearance fit (+0.02 mm): 6.347 – 6.353 mm 
 Interference fit (-0.02 mm): 6.307 – 6.313 mm 
The countersink was drilled with the intention of obtaining a test fastener that was 
0.075 mm proud of the surface. This was to prevent the countersink being installed 
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at a depth of more than 8 plies which would compromise the current measurement 
objective. 
 
(a) Top surface (b) Bottom surface 
Figure 7-3: Photographs of the test sample 
7.2.4 Test rig design 
The test samples were tested using the current measurement technique discussed in 
Chapter 6. Refer to Chapter 6 for details of the test rig. Figure 7-4 is a photograph of 
one of the test samples installed into the test rig. In this photograph, the current 
returns at the left and right sides are the shank region current returns. The current 
returns at the front and back of the photograph are those of the countersink region.   
 
Figure 7-4: Photograph of test sample installed into test rig 
7.2.5 Measurements 
Prior to each test, a low current measurement of the resistance was performed for 
both the countersink and shank current paths. The total injected current was 
measured in addition to the distribution of current in each region using the current 
measurement technique discussed in Chapter 6. The voltage was measured across 
the test sample from test fastener to current return plate providing the possibility of 
determining the resistance of each path throughout the duration of the strike. 
Outgassing was observed using the outgassing diagnostic system discussed in 
previous chapters. Table 7-2 summarises the list of measurements. 
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Table 7-2: Measurement used for the distributed current evaluations 
Measurement Measurement 
type 
Details 
Drilled hole diameters Pre-test Bore gauge 
Fastener shank diameters Pre-test Micrometre 
Fastener surface depth Pre-test 3-axis CNC machine 
Fastener-to-return resistance 
(individual measurements for 
both countersink and shank) 
Pre-test and post 
test 
See section 4.3.5.1 
Current (total injected) In-strike See section 4.3.5.2 
Current distributed to 
countersink and shank regions 
In-strike Refer to chapter 6 
Voltage In-strike Refer to chapter 3 
Outgassing intensity: pressure In-strike See section 4.3.5.4.1 
Outgassing intensity: light In-strike See section 4.3.5.4.2 
Still imagery In-strike See section 4.3.5.5 
7.3 Data analysis 
7.3.1 Current distribution 
Figure 7-5 shows the total current injected into the fastener and the share of current 
to the countersink and shank paths for 20 kA and 50 kA strikes to a clearance fit 
(+0.02 mm) test sample. The signals have been obtained through a low pass filter 
with a cut-off frequency at 3 MHz and a filter order of 100. Figure 7-6 shows how the 
percentage share of current develops through time for the equivalent strikes. 
 
(a) 20 kA clearance fit sample (b) 50 kA clearance fit sample 
Figure 7-5: Total injected current plus the current measured in countersink (CSK) and 
shank paths 
At both current levels, the distribution of current is initially higher in the countersink 
region. As time progresses, this changes so that the shank region carries the majority 
of the current. This change occurs during the first microsecond of excitation for the 
50 kA strike and at about 3 μs for the 20 kA strike. The shank path becomes stable 
for the 50 kA strike after reaching about 70% of the current distribution. However, the 
shank path of the 20 kA strike is unstable throughout, showing a decrease in the 
current distribution after peak current, only to increase again at about 40 μs. 
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(a) 20 kA clearance fit sample (b) 50 kA clearance fit sample 
Figure 7-6: Percentage share of current in each path 
The discontinuity in the countersink current signal is not due to a significant change 
in the contact resistance between the countersink and the CFRP. It is a consequence 
of the instability of the shank-to-CFRP contact resistance. Therefore,  
 Higher current magnitude injected into the fastener results in a quicker 
modification to the shank-to-CFRP contact and, hence, a bigger distribution of 
current via the contact 
Figure 7-7 shows the percentage current distribution of the 50 kA strikes to clearance 
fit and interference fit samples. 
 
(a) 50 kA clearance fit sample (b) 50 kA interference fit sample 
Figure 7-7: Percentage share of current in each path 
At 40 μs, the shank region of the interference fit sample carries 75% of the current 
whereas it carries 71% in the clearance fit sample. It also reaches a stable distribution 
more quickly than the clearance fit case owing to the tighter fit and, thus, lower shank-
to-CFRP contact resistance. Thus: 
 An interference fit fastener causes a larger magnitude of current to flow through 
the shank-to-CFRP contact than a clearance fit fastener 
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Figure 7-8 shows the percentage current distribution of the 20 kA strike to a clearance 
fit sample and the distribution when the sample is tested for a second time at the 
same current level. 
 
(a) 20 kA clearance fit sample (b) 20 kA repeat strike to same sample 
Figure 7-8: Percentage share of current in each path 
Due to permanent modification of the shank-to-CFRP contact caused by the first 
strike, the shank path immediately carries the majority of current during the re-strike. 
Although the same discontinuity appears at 40 μs, the shank path is more stable 
during the re-strike. Therefore:  
 Current via the shank-to-CFRP contact causes permanent modification to the 
contact and the same degree of modification is not repeated if subsequently 
subjected to the same current magnitude 
7.3.2 Resistance measurements 
Figure 7-9 is a plot of the resistance of the countersink and shank paths taken before 
the strike, at the time of peak current and after the strike. The data points show the 
average of the three repeat samples with error bars indicating maximum and 
minimum values. 
 
Figure 7-9: Resistance measured before the strike, at the time of peak current and 
after the strike (countersink = dashed line, shank = solid line) 
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As expected, the countersink resistance is the same for all samples before the strike 
regardless of the fit. There is a small reduction by the time of peak current but the 
countersink region is relatively stable throughout. The shank resistance of the two 
clearance fit cases is significantly greater than the shank resistance of the 
interference fit case. This is consistent with observations in previous chapters and is 
due to the greater contact resistance between the shank and the CFRP when the 
fastener is installed in a clearance fit. The shank resistance when in interference fit is 
an order of magnitude lower than the initial resistance when in clearance fit. The 
shank resistance of the interference fit case has dropped by the time of peak current 
but, due to the low initial contact resistance, the reduction is much less significant 
than the clearance fit cases. At the time of peak current, the interference fit sample 
has a lower shank resistance than the clearance fit cases. The measurement after 
the strike shows a permanent change for all configurations from the initial state. This 
provides the reason for the significant difference in the current share observed when 
re-striking the 20 kA clearance fit sample.  
The contact resistance at the shank-to-CFRP interface was estimated by subtracting 
the CFRP material resistance in the shank region from the measured resistance; i.e.   
?̂?𝐶𝑠ℎ𝑎𝑛𝑘 =
𝑉𝑀
𝐼𝑠ℎ𝑎𝑛𝑘
− ?̂?𝐶𝐹𝑅𝑃,𝑠ℎ𝑎𝑛𝑘 (7-1) 
where, ?̂?𝐶𝑠ℎ𝑎𝑛𝑘 is the contact resistance between the fastener shank and CFRP, 𝑉𝑀 is 
the measured voltage, 𝐼𝑠ℎ𝑎𝑛𝑘 is the current measured in the shank region and 
?̂?𝐶𝐹𝑅𝑃,𝑠ℎ𝑎𝑛𝑘 is the estimate of the CFRP resistance in the shank region. The geometry 
and materials of the test sample were equivalent to those used in Chapter 6. The 
shank CFRP resistance was estimated by calculation in Chapter 6 to be 
approximately 10 mΩ and for those samples, the resistance of the shank region at 
the time of peak current after a third successive strike was also approximately 10 mΩ. 
The resistance at peak current for the 50 kA strikes to the interference fit samples 
was 9.2 mΩ and 9.3 mΩ. Greatest current level to strongest interference provides the 
closest estimate of the CFRP resistance because this is the case when the contact 
resistance at the shank and CFRP interface is minimised. Thus, the estimate used 
for ?̂?𝐶𝐹𝑅𝑃,𝑠ℎ𝑎𝑛𝑘 was 9 mΩ. This resistance was used in Equation (7-1) to estimate the 
contact resistance between the shank and the CFRP. Figure 7-10 includes plots of 
the shank-to-CFRP contact resistance throughout the strike for all tests. The y-axis in 
the plot on the right of the figure is on a log scale. 
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(a) linear y-axis (b) logarithmic y-axis 
Figure 7-10: Comparison of the contact resistance at the fastener shank 
The shank contact resistances of all samples have a similar profile to the contact 
resistance of the coupon test in Chapter 5. The contact resistance decreases quickly 
from its initial state to a minimum at the time of peak current.  
The three clearance fit samples tested at 20 kA have the highest contact resistances 
throughout and have second inflections at about 40 μs, when there is a sudden 
decrease in the contact resistance after undergoing a gradual increase from the 
instant of peak current. This coincides with the sudden increase in shank current at 
40 μs that was observed in the current distribution earlier. The shank-to-CFRP contact 
resistance of the interference fit samples tested at 50 kA is the smallest throughout 
the strikes and is very consistent between repeat samples. The profiles for the 
clearance fit samples tested at 50 kA is less than the equivalent fit tested at 20 kA but 
more than the interference fit equivalent. This confirms that: 
 A fastener installed in interference fit has a smaller shank-to-CFRP contact 
resistance throughout the strike than a fastener installed in clearance fit 
 Higher current magnitude for an equivalent fastener fit results in a bigger 
reduction in the shank-to-CFRP contact resistance  
The profile of the repeat strike at 20 kA to a clearance fit fastener begins at a similar 
magnitude to the final resistance of the first strike. The decrease in the time to peak 
current is not as significant as the first strikes. It reduces to a similar magnitude as 
the 50 kA clearance fit strikes, meaning that two consecutive 20 kA strikes reduces 
the contact resistance to a similar level as one 50 kA strike. 
7.3.3 Energy absorbed by the shank contact 
After deriving an estimate for the shank-to-CFRP contact resistance, it was possible 
to estimate its energy absorption. This was shown to be responsible for sparking at 
the interface in Chapter 5. The energy absorbed by the shank-to-CFRP contact 
(?̂?𝐶,𝑡𝑠ℎ𝑎𝑛𝑘) was determined by: 
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?̂?𝐶,𝑡𝑠ℎ𝑎𝑛𝑘 = ∫ ?̂?𝐶𝑠ℎ𝑎𝑛𝑘(𝑡)𝐼𝑠ℎ𝑎𝑛𝑘
2 (𝑡)
𝑡𝑚𝑎𝑥
0
𝑑𝑡 (7-2) 
where,𝑡𝑚𝑎𝑥 is the maximum acquisition time of the measured signal.  
Figure 7-11 shows ?̂?𝐶𝑠ℎ𝑎𝑛𝑘(𝑡) for four test samples, each with a different configuration; 
i.e. different current, fit or repeat strike, and the equivalent cumulative action integral 
(∫ 𝐼𝑠ℎ𝑎𝑛𝑘
2 (𝑡)
𝑡𝑚𝑎𝑥
0 𝑑𝑡) distributed through the shank-to-CFRP contact.  
 
(a) Shank-to-CFRP contact resistance (b) Cumulative action integral 
Figure 7-11: Shank-to-CFRP contact resistance and action integral through the 
contact 
The largest share of current to the shank-to-CFRP contact is for the 50 kA strike to 
the interference fit sample because this is the sample with the smallest contact 
resistance. The 20 kA repeat strike also has a bigger share of current to the shank 
path than the initial strike due to the smaller contact resistance for the subsequent 
strike. This has interesting consequences for the energy absorbed by the contact as 
can be seen in Figure 7-12. 
Although the 50 kA strike to the interference fit sample caused a larger current share 
to the shank region than the equivalent clearance fit sample, the much higher contact 
resistance of the clearance fit sample causes significantly more energy to be 
absorbed by the contact. 
 
Figure 7-12: Energy absorbed by the shank-to-CFRP contact 
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This is also the case when comparing the two 20 kA strikes. The smaller contact 
resistance in the repeat strike causes more current to be distributed to the shank 
region. However, because of the smaller contact resistance, the energy absorbed by 
the contact is lower than for the initial strike. Thus: 
 The energy absorbed by the shank-to-CFRP contact is a combination of the 
contact resistance and the magnitude of current share. Therefore, lower contact 
resistance at the shank-to-CFRP interface causes a bigger distribution of current 
through it but less energy absorption 
 To reduce the energy absorbed by the shank-to-CFRP contact, the contact 
resistance should be reduced in addition to limiting the magnitude of current 
distribution at the interface 
7.3.4 Outgassing intensity 
Figure 7-14 shows the images of the underside of the fastener taken during the strike 
for two clearance fit samples tested at 20 kA and 50 kA in addition to an interference 
fit sample tested at 50 kA. The figure also reports the maximum current and action 
integral distribution at the shank region for each case. The images portray the general 
scenario for each repeat sample. Light was only observed on the digital camera 
during the tests for the 50 kA clearance fit samples. Since less current flows to the 
shank region for the clearance fit samples tested at 50 kA in comparison with the 
interference fit samples, it is clear from these images that the magnitude of current 
distributed to the shank alone is not the driver of outgassing intensity.  
Figure 7-13 shows the corresponding pressure measurement and photodiode 
measurements for the 50 kA clearance strike of Figure 7-14.  
 
(a) Pressure measurement (b) Photodiode light intensity 
Figure 7-13: Pressure (a) and photodiode light intensity (b) from a 50 kA strike to a 
clearance fit sample 
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20 kA clearance fit 
Max. shank current = 12.96 kA, Shank action Integral = 3.93 x 103 A/s2  
  
50 kA clearance fit 
Max. shank current = 34.65 kA, Shank action integral = 29.4 x 103 A/s2  
  
50 kA interference fit 
Max. shank current = 35.77 kA, Shank action integral = 31.3 x 103 A/s2  
  
Figure 7-14: Images taken before (left) and during (right) the strike 
Figure 7-15(a) includes a bar chart showing the mean peak pressure measured for 
the three strikes of each configuration with errors bars indicating the maximum and 
minimum values. Figure 7-15(b) shows the pressure measurement for one sample of 
each configuration including the repeat strike at 20 kA. 
The clearance fit samples at both current magnitudes produced a pressure response 
for all samples. The mean pressures at 20 kA and 50 kA were 0.2 Bar and 7.1 Bar, 
respectively. Although the shank region carried more current than the clearance fit 
equivalent, the 50 kA strikes to interference fit samples did not produce a pressure 
response. The purple trace in Figure 7-15(b) is considered as noise. The repeat strike 
at 20 kA to the clearance fit sample also didn’t produce a pressure response. 
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(a) Average peak pressure (b) Pressure measurements 
Figure 7-15: Peak pressure of all samples except repeat strike (a) and pressure 
waveform comparison of the various configurations (b) 
The pressure signals shown in Figure 7-15(b) are for the same samples as that shown 
by the energy absorption plot of Figure 7-12. The order of the traces in both plots is 
equivalent suggesting that the peak outgassing pressure is related to the energy 
absorbed by the shank-to-CFRP contact.  
7.3.5 Relationship between outgassing intensity and energy absorbed 
by the shank-to-CFRP contact 
Figure 7-16 plots the peak pressure versus energy absorbed by the shank-to-CFRP 
contact21. The peak pressure is related to the energy absorbed by the shank-to-CFRP 
contact. The more energy absorbed by the shank-to-CFRP contact, the higher the 
peak pressure will be. There was no pressure response when the energy absorbed 
by the shank-to-CFRP contact was ≤16.6 J. Thus: 
 Outgassing intensity from a fastened joint is related to the energy absorbed by 
the shank-to-CFRP contact, more energy results in higher outgassing pressure 
  
(a) Linear Y-axis (b) Logarithmic Y-axis 
Figure 7-16: Peak outgassing pressure versus energy absorbed by the shank-to-CFRP 
contact 
                                               
21 Note: two data points are missing due to data acquisition errors 
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Chapter 5 discussed a method to approximate the energy absorbed by the contact 
between the small CFRP test samples and the metal electrodes by using only the 
contact resistance at the instant of peak current multiplied by the action integral. This 
shall be called ?̂?𝐶,𝐴𝐼𝑠ℎ𝑎𝑛𝑘 in this chapter, calculated by:  
?̂?𝐶,𝐴𝐼𝑠ℎ𝑎𝑛𝑘 = ?̂?𝐶,𝑠ℎ𝑎𝑛𝑘(𝑡𝐼𝑃) ∫ 𝐼𝑠ℎ𝑎𝑛𝑘
2 (𝑡)
𝑡𝑚𝑎𝑥
0
𝑑𝑡 (7-3) 
where, ?̂?𝐶,𝑠ℎ𝑎𝑛𝑘(𝑡𝐼𝑃) is the shank-to-CFRP contact resistance at the time of peak 
current. 
Figure 7-17 is a plot of ?̂?𝐶,𝐴𝐼𝑠ℎ𝑎𝑛𝑘  versus the energy absorbed by the shank-to-CFRP 
contact (?̂?𝐶,𝑡𝑠ℎ𝑎𝑛𝑘) calculated by Equation (7-2).  
 
Figure 7-17: Relationship between the energy absorbed by the shank-to-CFRP contact 
and an approximation based on contact resistance at peak current vs action integral 
The figure shows the proportionality between the two terms, in the same way as 
observed in Chapter 5. The data point at 10 J is the repeat strike. This data point does 
not follow the linear trend. This is expected because the pre-strike resistance of this 
strike is a consequence of the modification that occurred during the first strike. 
Therefore, the 𝛿𝐸 component that was discussed in Chapter 5 is expected to be 
significantly different between an initial strike and a subsequent re-strike.  
A model was developed by linear regression using the same process as discussed in 
the Chapter 5. The re-strike data was not included for the reasons above. The linear 
model was found to be: 
?̂?𝐶,𝑡𝑠ℎ𝑎𝑛𝑘 = 0.95(?̂?𝐶,𝐴𝐼𝑠ℎ𝑎𝑛𝑘) + 6.3 (7-4) 
where, ?̂?𝐶,𝐴𝐼𝑠ℎ𝑎𝑛𝑘  can be calculated by Equation (7-3). Figure 7-18 overlays the 
outcome of the model onto the plot shown previously in Figure 7-16.  
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Figure 7-18: Peak pressure vs energy absorbed by the shank-to-CFRP contact (black 
markers) and modelled energy (red markers) 
The plot shows that the linear model using an approximation of the energy absorbed 
by the shank contact can be used to determine if a sample is likely to produce 
outgassing with greater pressure intensity. This confirms the findings of Chapter 5.  
7.4 Summary of contribution from Experiment C 
Outgassing intensity from a fastened joint is related to the energy absorbed by the 
shank-to-CFRP contact, more energy corresponds to higher outgassing pressure 
 The energy absorbed by the shank-to-CFRP contact is a combination of the 
contact resistance and the magnitude of current exchanged. Therefore, lower 
contact resistance at the shank-to-CFRP interface causes a bigger distribution of 
current through it but less energy absorption. 
 To reduce the energy absorbed by the shank-to-CFRP contact, the contact 
resistance should be reduced in addition to limiting the magnitude of current 
distributed to the interface. 
Contact resistance at the shank-to-CFRP interface: 
 A fastener installed in interference fit has a smaller shank-to-CFRP contact 
resistance throughout the strike than a fastener installed in clearance fit. 
 Higher current magnitude for an equivalent fastener fit results in a bigger 
reduction to the shank-to-CFRP contact resistance.  
 Current via the shank-to-CFRP contact causes permanent modification to the 
contact and the same degree of modification is not repeated if subsequently 
subjected by the same current magnitude. 
Current distribution to the shank-to-CFRP interface: 
 An interference fit fastener causes a higher magnitude of current to flow through 
the shank-to-CFRP contact than a clearance fit fastener. 
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 Higher current magnitude injected into the fastener results in a quicker 
modification to the shank-to-CFRP contact and hence, a bigger distribution of 
current via the contact. 
7.5 Conclusion 
The measurement technique developed to characterise the distribution of current 
between the countersink and shank paths was successfully used to confirm the 
criticality of the shank-to-CFRP interface on outgassing intensity.  
With the understanding gained in Chapter 5 of the driving factor for spark generation 
at a metal-to-CFRP contact, the outgassing intensity has been shown to correlate 
with energy absorption at the fastener shank-to-CFRP interface.  
The energy absorbed at this interface can be controlled by the fit of the fastener shank 
and the current that is distributed to the fastener shank. Although a tighter fit allows 
more current to flow through the shank-to-CFRP interface, the contact resistance 
reduction caused by the tighter fit prevents excessive energy absorption.  
Therefore, outgassing intensity can be reduced by minimising the current density at 
the fastener shank-to-structure interface and improving the electrical contact between 
the shank and the CFRP. Current flow to the fastener shank could be minimised by 
utilising a highly conductive outer layer on the joint such as a metallic foil, whilst 
ensuring good electrical contact between the foil and the fastener head.    
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8 General conclusions and future work 
This thesis has significantly enhanced the understanding of outgassing phenomenon 
by confirming the primary region of a fastened joint where outgassing is created and 
then determining the electrical parameter that drives its development. This was 
achieved via a review of existing knowledge of outgassing understanding prior to 
designing and conducting a series of three experiments:  
a) an investigation of the influence of the shank-to-structure interface  
b) an evaluation to determine the electrical parameter of importance  
c) an evaluation of the current distribution through the joint 
Two measurement techniques were also successfully developed to achieve the 
experimental objectives:  
 a measurement technique to characterise lightning current along multiple paths 
 a voltage measurement technique for use in LDE test environments 
8.1 Research contribution 
The work presented in this thesis is a significant contribution to the understanding of 
the outgassing phenomenon which is a lightning direct effect that occurs at structural 
joints of an aircraft fuel tank. 
This was achieved by first reviewing the existing state-of-the-art of understanding 
about the phenomenon. The review classified the characteristics of outgassing 
consisting of a hot gas originating at the fastener-to-structure interface that is released 
from the joint at high pressure. The ejection consists of constituents of the materials 
at the interface. However, the cause of the generation of outgassing within the joint 
was previously less understood.  
The review provided information regarding the distribution of current through a joint 
when a fastener is struck by lightning. Multiple current paths exist from the fastener 
into the surrounding CFRP structure formed by the impedance network of the 
structural parts. The current distribution to these various paths influence outgassing.  
A characterisation technique was developed to measure the distribution of current 
through the joint, particularly to assess the importance of the current distributed to the 
shank-to-structure interface.  
There was literature evidence that outgassing is strongly related to the conditions at 
the fastener-to-structure interface because of the differences in outgassing 
observations when parameters were varied, such as, the fastener surface coatings 
and the fit of the fastener within the surrounding structure.  
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Experiment A was designed to isolate the shank-to-structure interface so that 
outgassing intensity could be observed when varying conditions at the interface 
including the fastener diameter, the fit of the fastener within the hole and the 
magnitude of current exchanged. This experiment confirmed that outgassing intensity 
was related to the fit of the fastener in the hole and the current density at the fastener-
to-structure interface.  
The review also provided evidence that this interface changes during the strike both 
in terms of a physical change and a corresponding electrical change. A reduction of 
the electrical resistance between the fastener and the structure following a lightning 
strike had previously been measured.  
For this reason, a robust characterisation technique was developed to measure the 
voltage between the fastener and structure during a lightning strike. The intention was 
to use this voltage measurement to determine the change in resistance throughout 
the current excitation period. The measurement was used in all three experiments 
and it was found that: 
 The contact resistance at the fastener shank-to-CFRP interface varies throughout 
the strike 
 The magnitude of the resistance before the strike is related to the fit of the fastener 
shank inside the hole  
 Reducing the hole diameter relative the shank diameter, reduces the pre-strike 
contact resistance  
 The initial contact resistance reduces rapidly to a minimum value at the time of 
peak current. It, then, increases beyond this time but does not return to the same 
magnitude. Thus, it is permanently modified by the lightning strike.  
 The modification depends on the fit of the fastener shank inside the hole. Greater 
modification is observed when the hole diameter is increased relative to the shank 
diameter.   
Previous inspections of the surfaces of the contacting materials have shown damage 
that has occurred during the exchange of current across the interface, and it was 
suggested that the current carrying damage on the fastener surface is related to 
outgassing. Explanations for the damage have consisted of high current density at 
small contact points and electrical breakdown at small voids along the interface.  
There were also suggestions that the degree of the physical change at the interface 
is correlated with outgassing but there was no evidence of a relationship with the 
magnitude of the interface resistance measured before the strike. 
Evaluations of Experiment B found that: 
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 The surface damage to the metal electrodes, representing the metal fastener in a 
fastener-to-CFRP interface, was related to the energy absorbed by the electrode-
to-CFRP contacts  
 The light intensity from sparks ejected from the interface correlated with the same 
parameter 
Experiment C utilised the two characterisation techniques that were developed to 
determine the energy absorbed specifically by the shank contact in a fastened joint. 
The intensity of outgassing characterised by the magnitude of peak pressure was 
found to be related to the energy absorbed by the shank contact. Therefore, it can be 
concluded that: 
 The electrical parameter that generates outgassing is the energy absorbed by the 
shank contact 
A review of electrical contact theory coupled with work in other fields suggested that 
the contact resistance resulting from the mechanical properties of the interface 
increases in temperature when sufficient energy is absorbed by the contact. If the 
energy absorption is sufficiently large and quick, then the contact can explode into an 
arc. The conclusion that outgassing is created because of the energy absorbed by 
the shank contact supports this hypothesis.    
Although the energy absorbed by the contacts is a function of the time dependent 
contact resistance and current injected through it over the same period, a reasonable 
approximation can be found by multiplying the contact resistance at the time of peak 
current by the action integral applied to the interface. 
Furthermore, it was found that the contact resistance at the time of peak current may 
be approximated using knowledge of the action integral at the interface and the 
contact force. The contact resistance before a strike is a function of the contact force. 
So, it follows that the energy absorbed by the contact is related to the pre-strike 
contact resistance. 
Experiment C confirmed the criticality of the shank interface as opposed to the 
countersink interface. Thus, it is expected that the current flowing into the shank can 
be manipulated by the joint design to limit the energy absorbed by the shank-to-
structure interface. 
8.2 Significance for future lightning protection of aircraft 
The thesis has contributed to the discovery of the fundamental electrical parameter 
that is responsible for the generation of outgassing products. This parameter can be 
used as a controlling parameter in the design of lightning protection of composite 
structural joints in fuel tanks. Obtaining a critical energy threshold based on what is 
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acceptable in terms of the generation of outgassing products shall set the design 
space. The joint can then be optimised to meet other performance metrics with 
observation of the variation to the energy. Protection will be achieved providing it does 
not exceed the critical value. 
This capability to optimise the joint design to meet the outgassing protection 
requirements has not been possible prior to the discovery of the fundamental 
controlling parameter in this thesis. It provides opportunity to: 
 Reduce development time by giving confidence that a design change does not 
significantly influence the risk of outgassing because the impact on the critical 
value can be determined without the necessity to re-test. 
 Enhance the protection scheme by optimising based on the cost and/or weight of 
the protection whilst maintaining the same protection level.    
8.3 Recommendations for further work 
Several areas for further work have been identified despite the significant contribution 
from this thesis. 
As discussed in the previous section, the energy absorbed by the shank-to-structure 
contact could be controlled by manipulating the current distribution through the joint. 
This can be confirmed by experiments that vary surface parameters whilst utilising 
the current measurement technique developed as part of this work. One such variable 
should be related to the use of an external metallic foil. Varying the density of the 
metallic foil varies its electrical resistance and hence, the current distributed to the 
shank-to-structure interface. Confirmation that the current distribution can be 
manipulated via surface design parameters shall prove that the energy absorbed by 
the shank contact can be used as a parameter for use in designing lightning strike 
protection.   
A model was developed in Chapter 5 that can be used to predict the energy absorbed 
by the contacts for the test principles used in Experiment B. It was explained that 
although the test principles are representative of the phenomenon, the coefficients in 
the developed model do not transfer directly to fastened joints. The work 
demonstrated that it should be possible to develop a similar model of the energy 
absorbed by the shank-to-structure contact in a fastened joint. Such a model would 
enable prediction of the driving parameter for outgassing generation using only the 
pre-strike shank resistance and distributed action integral to the shank as input 
variables, which could be utilised by a design engineer.  
Generating the fastener model requires the development of: 
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 an expression relating the energy absorbed by the shank contact to the resistance 
measured at the time of peak current 
 an expression relating the resistance measured at the time of peak current to the 
resistance measured before the strike 
Since this model would rely on pre-strike resistance as an input variable, it is 
recommended that a robust expression is found for the contact resistance at a metal-
to-CFRP interface. The expressions developed by Anway et al. [52] could not be 
confirmed by Experiment B. 
The thesis has contributed to furthering outgassing understanding to a situation where 
the driving parameter for the creation of outgassing is now known and can potentially 
be exploited in the design of lightning strike protection. However, the subsequent 
transformation of electrical energy that eventually leads to the observed outgassing 
intensity is still not fully understood. The hypothesis of Chapter 2 suggests that rapidly 
depositing a sufficiently large energy results in explosion of the contact into an arc. 
This occurs due to the rapid temperature rise that cannot be distributed quickly 
enough to the bulk material. Confirmation of this hypothesis could reveal the 
sensitivity of outgassing to material properties related to temperature and/or chemical 
decomposition of the materials. This understanding could lead to further 
advancements in the design of lightning strike protection via the manipulation of 
CFRP material properties, for example. 
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Appendix A Aircraft Lightning Direct Effects background 
A.1 Lightning zoning 
The requirements and guidelines to prevent hazards associated with ignition sources 
are provided by the Federal Aviation Administration, Code of Federal Regulations 
(Part 25) [5]–[7], the EASA certification standards and other equivalent national 
standards. The test methods and associated lightning strike waveforms that should 
be used to demonstrate flight worthiness are provided in the aerospace standards 
and guidance material. These are jointly produced by the Society of Automobile 
Engineers (SAE) AE2 committee and the European Organization for Civil Aviation 
Equipment (EUROCAE) working group 31. 
Lightning zoning is the process of breaking down areas of the aircraft into specific 
regions (zones). A lightning zone has an associated lightning threat defined by a 
waveform consisting of several waveform components. When developing a lightning 
protection scheme for a system or subassembly, the zone of the component is 
established to provide information on the level of the lightning threat that is relevant. 
Aircraft lightning zones are determined with reference to SAE ARP 5414A [2] / 
EUROCAE ED-91 [3]. The zone definitions according to these standards are repeated 
in Table A-1.  
Table A-1: Zone definitions according to SAE ARP 5414A [2] / EUROCAE ED-91 [3] 
Designation Description Definition 
Zone 1A First return 
stroke zone 
All the areas of the aircraft surfaces where a first 
return stroke is likely during lightning channel 
attachment with a low expectation of flash hang on. 
Zone 1B First return 
stroke zone with 
long hang on 
All the areas of the aircraft surfaces where a first 
return stroke is likely during lightning channel 
attachment with a high expectation of flash hang on. 
Zone 1C Transition zone 
for first return 
stroke 
All the areas of the aircraft surfaces where a first 
return stroke of reduced amplitude is likely during 
lightning channel attachment with a low expectation of 
flash hang on. 
Zone 2A Swept stroke 
zone 
All the areas of the aircraft surfaces where subsequent 
return stroke is likely to be swept with a low 
expectation of flash hang on. 
Zone 2B Swept stroke 
zone with long 
hang on 
All the areas of the aircraft surfaces into which a 
lightning channel carrying a subsequent return stroke 
is likely to be swept with a high expectation of flash 
hang on. 
Zone 3 - Those surfaces not in Zones 1A, 1B, 1C, 2A, or 2B, 
where any attachment of the lightning channel is 
unlikely, and those portions of the aircraft that lie 
beneath or between the other zones and/or conduct 
substantial amount of electrical current between direct 
or swept stroke attachment points. 
The location of these zones on any particular aircraft 
shall be agreed between the applicant and the 
appropriate certification authority. 
A-2 
 
Figure A-1 gives an example of a zoning diagram for a large commercial aircraft. The 
fuel tank on large commercial aircraft is typically located in the outer wing box (OWB) 
and, on some occasions, in the centre wing box (CWB). The diagram shows that the 
majority of the OWB is assigned as lightning Zone 3 but there are also small sections 
assigned to Zone 2A. According to the zoning standards, Zone 3 includes surfaces of 
the aircraft that are unlikely to be subject to a lightning attachment. In this zone, 
structural joints are at threat from current that is conducted through the structure and 
happens to conduct via the joint. However, a section of SAE ARP 5414A [2] / 
EUROCAE ED-91 [3] states that new or novel design features located in Zone 3 must 
be shown to withstand a nominal lightning attachment without catastrophic failure. 
Zone 2A contains areas of the aircraft surface where a subsequent return stroke is 
likely to be swept with a low expectation of hang on. In this zone, fasteners of a 
structural joint between a wing skin and a rib or a wing skin and a spar, could be 
subjected to a direct attachment. This is significant to the sparking phenomenon 
discussed later because the full waveform sequence must transfer between the 
metallic fastener and the surrounding structure.     
 
Figure A-1: Typical zoning diagram of a commercial aircraft [62] 
A.2 Lightning current waveforms 
The lightning waveforms for each zone are specified in SAE ARP 5412B [31] 
/EUROCAE ED-84A [30]. These are equivalent standards that define the idealised 
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standard lightning environment waveforms appropriate for aircraft lightning 
protection. As explained in these standards, lightning is a natural weather 
phenomenon that is probabilistic in nature and the levels and waveforms vary from 
one flash to the next. “The standardised waveforms represent severe versions of the 
characteristics of natural lightning flashes and include all parameters of interest with 
respect to lightning protection of aircraft” [31]. The waveforms do not replicate any 
given lightning strike event but are instead composite waveforms whose effects on 
an aircraft can be expected from a natural lightning strike.  
Different current components exist for both direct effects and indirect effects. Since 
this thesis is concerned with a particular direct effect, only the direct effects current 
components will be considered. Figure A-2 is a schematic diagram extracted from 
[31] showing the four lightning direct effects current components. The diagram is not 
to scale in either axes but depicts the various characteristics of each.  
 
Figure A-2: Schematic representation of current components used for direct effects 
testing [31] 
SAE ARP 5412B [31] relates the lightning current components to specific zones as 
defined by SAE ARP 5414A [2]. For the applicable lightning zones of the wing box, 
discussed in section A.2, Zone 2A has the most severe threat, consisting of a current 
component sequence of D, B, C (or C*)22. 
The characteristics of these current components are shown in Table A-2. The D 
component is an impulse with a very high peak current and a high rate of change. 
Whereas the B component is a transition at a much lower current that leads into the 
C component which is of significantly longer duration with a high charge transfer at 
low peak current.   
                                               
22 C* is a modified C-component that is used for dwell-times exceeding 5 ms duration 
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Table A-2: Characteristics of Zone 2A current component sequence D, B, C  
 
Lightning Current Component 
B C D 
Peak current (kA) 4.2 0.2-0.8 100 
Time to peak (µs) 813 N/A 3.18 
Time to half-value (µs) 2340 N/A 34.5 
Charge (C) 10.5 200 4.8 
Action integral (A2s) 2.85 x 104 6.4 x 105 max. 2.5 x 105 
Time duration ≤ 5 ms 0.25 to 1 s ≤ 500 µs 
The D component represents a subsequent return stoke and includes parameters 
that intend to mimic the more severe parameters of a negative subsequent return 
stroke such as the peak current and the peak rate of change of current. In zone 2A, 
it is followed by the B and C components to signify a return stroke that is maintained 
in position for the dwell time defined by the duration of the C component.  
As previously mentioned, it is possible for a subsequent return stoke to attach directly 
to fasteners in zone 2A, meaning that the full waveform sequence is then exchanged 
across the interface between the fastener and the surrounding structure. This has 
direct implications for outgassing. 
A.3 Overview of lightning fuel ignition effects to wing structure 
There are multiple fuel tank ignition threats that are of concern for wing structure and 
the fuel tank region of the aircraft.  
Firstly, there is the threat of physical damage that can occur to the wing skin due to a 
direct attachment to the surface. This interaction with the structure can cause; for 
example, melting or burning at attachment points, resistive temperature rise, 
magnetic force effects and acoustic shock effects.  
The implications differ depending on the material used for the wing skin, metallic, 
such as aluminium, or non-metallic, such as carbon fibre reinforced plastic (CFRP). 
Metallic skins can be more vulnerable to melting of the material whereas non-metallic 
skins may be more vulnerable to acoustic shock [63]. Damage mechanisms of CFRP 
wing skins are much more complicated than those of aluminium. Puncture is rarely 
experienced for aluminium skin thicknesses greater than 1 mm except for specific 
locations of long dwell-time [63]. However, CFRP has lower conductivity, anisotropic 
material properties, plastic constituents and multiple thermal degradation levels that 
not least make the damage mechanisms complicated and difficult to predict. The 
complicated nature of CFRP damage mechanisms is much the subject of current 
research, especially in terms of modelling and the prediction of damage ([64]–[67]).  
Puncture of CFRP wing skins can be less of a concern for large aircraft due to the 
inherent protection afforded by the thickness of the laminate. This was the case for 
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the Airbus A350 which is a twin aisle aircraft with monolithic CFRP laminate wing 
skins. The wing skin was demonstrated through tests to be free of puncture, loss of 
strength and hot spot formation due to its thickness and robustness [9].  
Secondly, there is the possibility of fuel ignition threats due to subsequent sparking in 
the fuel laden volume that can occur because of a direct attachment or conducted 
current from an attachment some distance away. Such sparks are often created at 
structural interfaces such as that of structural joints or system bracket installations. 
Figure A-3 has been extracted from [9], which is a review of the lightning protection 
certificaiton approach of A350. The diagram can be considered typical of a composite 
structural joint (CSJ). During this process, Airbus identified four separate ignition 
threats related to a simple bolted joint. Airbus were able to demostrate compliance by 
configuring the design to provide the two necessary independent layers of protection 
for each individual sparking threat.  
 
Figure A-3: Schematic diagram of a fuel tank joint depicting ignition threats [9] 
Two of these ignition threats contain the term outgassing, and are essentially the 
same phenomenon in terms of the physical mechanisms that create them although 
they differ in terms of their location in respect to the configuration. ‘Fastener 
outgassing’ labelled in the diagram circles a spark at the interface between the 
fastener and the structure and it also circles a plume of gas at the base of the fastener. 
When metallic fasteners located in these joints carry and exchange lightning currents 
with the surrounding structure, it is possible for sparks to be emitted from the joint 
because of activity which is firstly generated within the joint. These sparks may 
consist of hot pressurised gas, molten metallic debris and ionized particles. As shown 
by the diagram, outgassing can appear in the fuel laden volume either at the base of 
the fastener or the interface between the joining structural components.  
If uncontrolled, outgassing is extremely hazardous due to its potential to cause fuel 
vapour ignition. A photograph of a typical outgassing event taken during a lightning 
direct effects test is shown in Figure A-4.  
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Figure A-4: Open shutter photograph of an intense outgassing event taken during an 
LDE test [19] 
This thesis is concerned with outgassing from CSJs and further details of this threat 
including a concise review of the work that has been previously published is provided 
in chapter 2. 
Edge glow is a term that refers to a fuel ignition threat that occurs at cut edges of 
CFRP structures [60]. Edges can include panel edges such as that shown in Figure 
A-3, stringer caps or pad-ups [36]. Figure A-5 is a photograph of a test sample taken 
during a lightning test showing the occurrence of edge glow on the cut edges of the 
test sample. Edge glow appears as luminous ejections from the edge at specific 
locations. 
 
Figure A-5: Photograph of edge glow occurrence form a lap joint during a lightning 
test (extract from [68]) 
The physical mechanisms that generate edge glow are different to those of 
outgassing. The fundamental nature of the phenomenon is still not entirely 
understood but significant advances have been made [60]. It is understood that edge 
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glow is an instantaneous event that occurs a few microseconds after lightning 
initiation; it is entirely an edge event, and it has been found that it is controlled by the 
voltage drop between CFRP plies, occurring at locations of greatest electric potential 
and lowest dielectric strength [69], [70]. It is specifically related to CFRP structures 
and due to its relationship to voltage at specific edge locations, it is very dependent 
on the transverse conductivity of the material [69]. Research of edge glow 
phenomenon is ongoing. It is treated as a completely different lightning direct effect 
to outgassing in the context of this study. Although aspects of the research such as 
fastener-to-structure contact and fastener-to-LSP contact resistances play major 
roles in the production of both effects, it is not within the scope of this thesis. 
The final mechanism shown in Figure A-3 is voltage/thermal sparking that can occur 
between the nut of the fastener and the substructure of the joint. A voltage spark can 
occur in this location if the potential difference between the metallic element of the 
nut and the conductive element of the substructure exceeds the voltage breakdown 
strength between the two parts. Alternatively, if there is a small conductive part 
electrically connecting these components such as a particle of foreign object debris, 
a current path is formed that is too small to carry the lightning current. When the 
current carrying capability of the conduction path is exceeded, a thermally driven 
spark can be created.  
This effect is entirely driven by manufacturing defects since protection is achieved via 
a robust dielectric coating between the conductive elements. Internal fuel tank 
protection (paint) that is usually in situ due to corrosion prevention reasons can 
achieve this by having an appropriate dielectric strength and robustness to 
scratches/defects. Due to this reason, this sparking mechanism is also not within the 
scope of this thesis. 
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Appendix B Experiment B test procedures 
The test procedure for the low current tests was as follows: 
1. Polish electrode surface 
2. Install electrodes and test sample into the test rig 
3. Connect electrical apparatus to the electrodes 
4. Adjust force application screw whilst monitoring the force meter and set to the 
lowest desired force (500 N) to an accuracy of ± 50 N. 
5. Apply lowest DC current level using 35 W DC PSU (1 A) 
6. Record force, current and voltage at 1 minute intervals for 3 minutes 
7. Increase the current to the next current level and repeat step 6 
8. Repeat step 7 until the highest current level (4 A) is complete 
9. Increase the force to the next force level with an accuracy of ± 50 N 
10. Repeat steps 5 to 9 until all forces are complete 
11. Change test sample and repeat steps 1 to 10 until all test samples are complete 
The test procedure for the high current tests was as follows: 
1. Polish new electrodes 
2. Install electrodes and test sample into the test rig 
3. Connect force meter to the load cell 
4. Adjust force application screw whilst monitoring the force meter and set to the 
desired force as per the test matrix to an accuracy of ± 50 N. Record the value 
of force.  
5. Measure and record the low current resistance across the electrodes 
6. Disconnect the force meter from the load cell 
7. Connect high current test rig to the electrodes 
8. Ensure all other diagnostics are in position 
9. Inject desired scaled D-component as per the test matrix 
10. Record all data 
11. Remove test sample from rig 
12. Rotate the test electrode to the next clean surface 
13. Repeat steps 2 to 12 until all surfaces of the electrodes have been used 
14. Repeat steps 1 to 13 until all test samples have been tested 
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Appendix C Details of test sample concepts used in Chapter 6 
C.1 Test sample concept 1 and 2 
This section provides sketches of test sample concepts 1 and 2, discussed in 
Chapter 6. 
 
Figure C-1: Plan view of concept 1 and 2 (squares at periphery are GFRP inserts) 
 
 
Figure C-2: Cross-sectional view of concept 1 showing location of GFRP 
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C.2 Test sample concept 3 
This section provides sketches of test sample concept 3, discussed in Chapter 6. 
 
Figure C-3: Plan view of concept 3 (coloured strips at periphery are GFRP inserts) 
 
 
 
Figure C-4: Cross-sectional view of concept 3 
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C.3 Test sample concept 4 and 5 
This section provides sketches of test sample concepts 4 and 5, discussed in 
Chapter 6. 
 
Figure C-5: Plan view of concept 4 and 5 (circular areas at periphery are machined 
cut-outs) 
 
 
Figure C-6: Cross-sectional view of concept 4 showing location of GFRP 
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C.4 Interfacing bracket dimensions 
The sketch below provides dimensions of the interfacing bracket that is used to 
connect the test samples in Chapters 6 and 7 to the surrounding current return plate 
in the test rig. There were two brackets on each side of the test sample, thus, four 
brackets per region of the test sample.  
 
Figure C-7: Interfacing bracket dimensions (mm) 
C.5 Fastener stack at current returns 
The sketches below provide details of the current return fastener stacks used for the 
current measurement technique discussed in Chapter 6 and used in the experiment 
discussed in Chapter 7. 
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Shank return fastener shank (mm)
 Insulating washer - 1.5
 Laminate - 6.16
 Spacer - 12.0
 Metal bracket - 5.0
 Metal washer - 2.0
26.66
 
Figure C-8: Joint stacks are the return fasteners 
Countersink return fastener stack (mm)
 Insulating washer - 1.5
 Laminate - 2.03
 Spacer - 8.3
 Metal bracket - 5.0
16.83
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C.6 Current return Rogowski coil specification 
Table C-1 provides the specification of the Rogowski coils used for the current 
measurement technique discussed in Chapter 6 and used in the experiment 
discussed in Chapter 7. 
Table C-1: Specification of the Rogowksi coils used to measure the individual return 
currents in the current measurement technique discussed in Chapter 6 
Manufacturer PEM UK Ltd. 
Model CWT600 
Sensitivity (mV/A) 0.05 
Peak current (kA) 120 
Peak di/dt (kA/μs) 25 
Noise max (mVpk-pk) 3 
Droop typ. (%/ms) 0.06 
LF (3dB) bandwidth typ. (Hz) 0.05 
Phase lead at 50 Hz typ. (deg) 0.1 
HF (3dB) bandwidth typ. (MHz) 17 
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Appendix D Derivation of the resistance between two 
concentric metallic cylinders 
The figure below shows a schematic of a cylindrical resistor with inner radius, 𝑟 and 
outer radius, 𝑅. The length of the cylinder is 𝑡 and the material’s conductivity is 
denoted by 𝜎. 
 
Figure D-1: Diagram of two concentric circles were the resistance to find is that of the 
shaded blue material 
Assume the inner cylinder boundary is held at voltage 𝑉0 and the outer boundary is 
held at 0 volts. 
Using Laplace’s equation, the voltage between the two cylinders is: 
𝑉(𝑠) = 𝑐1 + 𝑐2 ln(𝑠) (D-1) 
where, c1 and c2 are constants of integration. 
Using the boundary conditions: V(r) = V0 and V(R) = 0: 
𝑉0 = 𝑐1 + 𝑐2 ln(𝑟); 0 = 𝑐1 + 𝑐2 ln(𝑅) (D-2) 
Rearranging and substitution gives: 
𝑐2 =
𝑉0
ln(𝑟 𝑅⁄ )
 ; 𝑐1 = −𝑉0
ln𝑅
ln(𝑟 𝑅⁄ )
 and thus: 
𝑉(𝑠) =
𝑉0 ln(
𝑠
𝑅⁄ )
ln(𝑟 𝑅⁄ )
 (D-3) 
The current density and electric field between two concentric cylinders is given by: 
𝑗(𝑠) =
𝐼
2𝜋𝑠𝑡
 ; 𝐸 = −
𝜕𝑉
𝜕𝑠
=
𝑉0
ln(𝑅 𝑟⁄ )
1
𝑠
 
Now using Ohm’s Law: 𝑗 = 𝜎𝐸 implies: 
𝐼
2𝜋𝑠𝑡
= 𝜎
𝑉0
ln (𝑅 𝑟⁄ )
1
𝑠
 (D-4) 
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
𝑉0
𝐼
=
1
2𝜋𝜎𝑡
ln (
𝑅
𝑟
) (D-5) 
t
R
r
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Appendix E Background and theory for developing a voltage 
characterisation technique for use in LDE test 
environments 
E.1 Inductively coupled interference and prevention 
Figure E-1 is a cross-sectional diagram of an LDE test sample used in evaluations 
described in Chapter 3, and shows the current entry and return terminals. These 
terminals are used for connection to the test rig, and thus a voltage measurement 
across these terminals provides the voltage across the test sample.  
 
Figure E-1: Cross section of an LDE test sample showing current path and voltage 
measurement loop 
The diagram in Figure E-1 identifies the location of the voltage measurement leads. 
The circle between the leads labelled V can be imagined to be the position along the 
measurement leads where both leads meet and form the main cable that is connected 
to the measuring device. For example, if the measurement was being made by a 
simple twisted pair cable, this would be the location where the two leads meet and 
begin to twist. Alternatively, if the measurement was being made with a passive 
oscilloscope probe, this is the point where the reference lead of the probe joins to the 
coaxial cable.  
The diagram shows that as the V+ lead and Ref leads separate out and connect to 
the measurement terminals, a closed loop is formed with the test panel. This closed 
loop effectively becomes a pick-up loop, the theory of which is described in Appendix 
F. 
From Appendix F, the voltage measured by a pick-up loop is 𝑉 = −𝑀
𝑑𝐼
𝑑𝑡
 and, 
therefore, the voltage measured across the test sample is the sum of the test sample 
Voltage 
measurement 
lead (Ref) 
Return 
connection 
Test panel 
Input 
terminal 
Test 
fastener 
Voltage measurement lead (V+) 
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voltage and the induced voltage on the measurement loop. The test sample can be 
represented as a series RL circuit (see Figure 3-1 in Chapter 3 for a circuit diagram) 
and, thus, the measured voltage is: 
𝑉(𝑡) = 𝑅𝑖(𝑡) + 𝐿
𝑑𝑖(𝑡)
𝑑𝑡
+ 𝑀
𝑑𝑖(𝑡)
𝑑𝑡
 (E-1) 
where, 𝑅 and 𝐿 are the resistance and inductance, respectively, of the test sample 
between the measurement locations. 𝑀 is the mutual inductance between the loop 
formed by the measurement leads and the larger current loop; i.e. the current loop 
which includes the test sample.  
In the arrangement of Figure E-1, the desired voltage to be characterised is that 
formed by the first and second terms of Equation (E-1). The third term is that of an 
unwanted signal that will be referred to as inductively coupled interference. 
This type of interference is particularly significant if the measurement loop is large 
(large M), or the rate of change of current (𝑑𝑖 𝑑𝑡⁄  ) is high.  
A D-component lightning impulse, that a typical current generator can produce, has 
a rise time of 10 to 20 µs so its frequency is relatively low (<1 MHz). However, the 
rate of change of current is high because of the very large (100 kA) peak current. The 
peak value of 𝑑𝑖 𝑑𝑡⁄  quoted in ED-84 [71] for analysis purposes is 140 kA/µs. Practical 
lightning generators usually achieve much less than this value, 10 times less in some 
cases. Nevertheless, 14 kA/µs is significant; resulting in an induced voltage of 14 V 
per nH of mutual inductance. This can lead to significant error in the voltage 
measurement, particularly during the rise time of the current injection when the rate 
of change of current is most significant.  
To reduce the magnitude of the unwanted signal, the loop area should be minimised; 
i.e. the measurement leads should be made to follow the test panel as closely as 
possible. Figure E-2 illustrates this. 
 
Figure E-2: Equivalent illustration of Figure E-1 with reduced measurement loop 
It is simple to show this in a diagram. However, routing measurement leads to 
minimise the loop area can be difficult, and success is very dependent on the method 
used to make the measurement; i.e. the method of probing the voltage. The geometry 
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of off-the-shelf passive oscilloscope probes will not allow this kind of routing but it is 
possible by using bespoke probes designed specifically for this purpose.  
Passive oscilloscope probes are designed for optimum performance and compatibility 
with oscilloscopes so any bespoke probe requires careful design to ensure adequate 
performance over the measurement range of interest. The design of such a probe is 
discussed in chapter 3. 
E.2 Characterisation of inductively coupled interference 
In general, when a source of interference (noise) is known and/or has been 
characterised, then digital signal processing techniques can be used to remove the 
unwanted signal from the measurement to obtain the clean desired signal. However, 
this is only valid when the frequency components of the unwanted signal are 
distinguishable from that of the desired signal. Expressing the measured voltage in 
the frequency domain shows this is not the case in this situation: 
𝑉(𝜔) = (𝑅 + 𝑗𝜔𝐿 + 𝑗𝜔𝑀) ∙ 𝐼(𝜔) (E-2) 
The imaginary term 𝑗𝜔𝐿 is the reactive component of the desired signal that has 
exactly the same frequency dependency as the imaginary term in M which is that of 
the unwanted signal. Thus, it is clear that, if a certain frequency content of the 
unwanted signal is removed from the measurement, the same frequency content of 
the reactive component will also be removed from the desired signal, which leads to 
an erroneous result. 
Even though this type of frequency domain filtering cannot be used, characterisation 
of the interference is still beneficial to determine the level of interference that is 
present on the measurement. 
It was explained in the previous section (E.1), that the inductively coupled interference 
occurs because the measurement leads act as a pick-up loop. Therefore, it is possible 
to characterise the inductively coupled interference by recreating only the pick-up loop 
aspect of the measurement; i.e. removing the conductive contact with the test sample 
but recreating the measurement loop. The path of the extra pick-up loop is shown in 
Figure E-3. 
Here, Vm is given by Equation (E-3) in the time domain and Vn is given by Equation 
(E-4), where M1 is the mutual inductance between the voltage measurement loop and 
the main current loop and M2 is the mutual inductance between the extra pick-up loop 
and the main current loop23.    
                                               
23 Note: a further mutual inductance now exists between the measurement loop and the extra pick-up 
loop. However, this mutual inductance is negligible if the distance between the two loops is very small 
and thus the extra term has not been included in the equations. 
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𝑉𝑚(𝑡) = 𝑅𝑖(𝑡) + 𝐿
𝑑𝑖(𝑡)
𝑑𝑡
+ 𝑀1
𝑑𝑖(𝑡)
𝑑𝑡
 (E-3) 
𝑉𝑛(𝑡) = 𝑀2
𝑑𝑖(𝑡)
𝑑𝑡
 (E-4) 
It is clear from Equations (E-3) and (E-4) that Vn(t) is equivalent to the induced voltage 
on Vm(t) when M1 and M2 are identical.    
 
Figure E-3: Cross section of an LDE test sample showing the extra pick-up loop path 
for characterisation of the inductively coupled interference (M=M1=M2) 
It is extremely difficult for M1 and M2 to be identical because, practically, the path of 
Vn cannot follow the exact path that is created by the test sample. However, a very 
good approximation can be achieved and is discussed in detail in section 3.2.1. 
The standard practice for measuring voltage in high current environments is to 
minimise the measurement loop area as much as possible. In literature, work on 
replacing a test object with an equivalent metal object is used, e.g. in surge arrester 
testing, for characterisation of the magnitude of any induced voltage on the 
measurement. It is also common to include a background noise loop to characterise 
the induced signal that may be present on the measurement. However, this 
background loop is usually only used to observe the level of induced signal and no 
example has been found in literature where this signal has been used for 
compensation.  
E.3 Voltage measurement probes 
High impedance passive probes are used for general purpose voltage measurement 
because the high impedance causes minimum loading to the device under test. Most 
probes have a compensation capacitor that allows the probe to be matched to a range 
of oscilloscope input impedances. However, their specification is usually limited in 
bandwidth and peak voltage.  
E.3.1  Theory of operation 
The circuit schematic of a typical high impedance voltage probe is shown in Figure 
E-4. The schematic shows the input impedance of the oscilloscope as a resistor and 
capacitor in parallel. As an example, the input impedance of a Tektronix TDS3034C 
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is defined by Rin = 1 MΩ and Cin = 13 pF. For 10:1 probes, it is very common for Rdiv 
to be 9 MΩ since it produces 20 dB (x10) of voltage attenuation when connected to 
1 MΩ input impedance. The gain of the probe is given by Equation (E-5).  
𝐴 =
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
=
1 𝑀Ω
1 𝑀Ω + 9 𝑀Ω
=
1
10
= −20 𝑑𝐵 (E-5) 
The probe tip resistance, Rtip, is usually much smaller than Rdiv and can be ignored 
when determining the probe performance.  
The resistor Rdiv has a small parasitic capacitance which appears in parallel with the 
resistor. This capacitance causes the attenuation of the probe to be dependent on 
frequency since the capacitive reactance is inversely proportional to frequency. At 
very high frequencies, Rdiv is effectively short circuited resulting in the probe having 
unity gain. This problem is alleviated by forming a capacitive divider between this 
parasitic capacitance and the oscilloscope input capacitance. If the capacitive divider 
is also designed to have a 10:1 ratio, then the 20 dB attenuation extends to high 
frequencies.  
The schematic diagram includes a capacitive divider. CT is introduced to modify the 
capacitance in parallel with Rdiv. The capacitive divider is then created by CT in parallel 
to the sum of the oscilloscope input capacitance (Cin), the cable capacitance (that 
appears in parallel with Cin) and the variable capacitor (Ccomp). Ccomp is variable so that 
the capacitive divider can be tuned to a range of oscilloscope input capacitances. 
The probe cable is specifically a lossy coaxial cable to dampen transmission line 
reflections at high frequencies. Finally, the role of resistor Rcomp that is in series with 
Ccomp is to terminate this transmission line.   
 
 
No inductive components are included in Figure E-4. In addition to the resistance and 
capacitance of the lossy transmission line, the coaxial cable also has an inductance 
per unit length. This means that the input impedance of the probe and consequently 
the attenuation of the probe is a function of the cable inductance.  
Figure E-4: Typical circuit schematic of a high impedance passive probe 
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The circuit shown in Figure E-4 has an input impedance characterised by: 
𝑍𝑝𝑟𝑜𝑏𝑒(𝜔) =
𝑅𝑑𝑖𝑣 ∙
1
𝑗𝜔𝐶𝑇
𝑅𝑑𝑖𝑣 +
1
𝑗𝜔𝐶𝑇
+ 𝑗𝜔𝐿𝑐𝑎𝑏𝑙𝑒 +
𝑅𝑖𝑛 ∙
1
𝑗𝜔𝐶𝑥
𝑅𝑖𝑛 +
1
𝑗𝜔𝐶𝑥
 (E-6) 
where, ω is the angular frequency, Cx = Ccable+Ccomp+Cin, and assuming that Rtip, Rcomp 
and the cable resistance are much smaller than Rdiv and Rin. 
Thus, the gain (attenuation) of the probe as a function of frequency is: 
𝐺𝑎𝑖𝑛(𝜔) =
(
𝑅𝑖𝑛 ∙
1
𝑗𝜔𝐶𝑥
𝑅𝑖𝑛 +
1
𝑗𝜔𝐶𝑥
)
𝑍𝑝𝑟𝑜𝑏𝑒(𝜔)
 
(E-7) 
E.3.2   Probe attachment 
Standard passive oscilloscope probes usually have multiple attachments for 
connecting the reference lead to the device under test. The standard connection is 
via a flying lead from the probe head with an alligator clip for attaching to the device.  
A typical probe reference wire with alligator clip is around 150 mm long. Using the 
wire self-inductance model from Grover [72] of Equation (E-8), the self-inductance of 
the reference wire is approximately 150 nH for a wire diameter of 2 mm.  
𝐿 = 2𝑙
(
 
 
ln
(
 (
2𝑙
𝑑
)(1 + √1 + (
𝑑
2𝑙
)
2
)
)
 −√1 + (
 𝑑
2𝑙
)
2
+
𝜇
4
+ (
𝑑
2𝑙
)
)
 
 
 (E-8) 
where, l is the wire length, d is the diameter of the wire and µ is the absolute magnetic 
permeability of the wire.  
The separation of the reference lead from the probe tip also creates a loop that adds 
to the self-inductance of the lead. This extra inductance is more difficult to determine 
because it depends on the shape of the loop. If it is assumed that the formed loop is 
perfectly circular with a radius of 20 mm, then an inductance of 60 nH can be 
estimated using the standard formula from [72] for the inductance of a circular loop: 
𝐿𝑐𝑖𝑟𝑐𝑙𝑒 ≈ 𝑁
2𝑅𝜇0𝜇𝑟 [ln (
8𝑅
𝑎
) − 2] (E-9) 
where, N is the number of turns in the loop, R is the loop radius, a is the wire radius, 
µr is the permeability of the medium and µ0 is the permeability of free space. 
Thus, the total inductance caused by the reference lead is approximately 210 nH.  
When connected to a ‘device under test’, the reference lead forms an LC circuit with 
the probe input capacitance (Cin), shown by Figure E-5.  
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Figure E-5: Circuit schematic of LC circuit formed by reference lead inductance 
Most 10:1 passive probes have an input capacitance of between 10 pF to 25 pF. 
When Cin = 10 pF and Lref-lead = 210 nH, the resonant frequency of the LC oscillator 
from Equation (E-10) is 110 MHz.  
𝑓 =
1
2𝜋√𝐿𝐶
 (E-10) 
When measuring signals with frequencies close to the resonant frequency, an error 
will be introduced in the amplitude response. This translates in the time domain as an 
overshoot in the step response for rise times approaching 1 𝑓⁄ = 9 ns. The effect on 
the step response is illustrated in Figure E-6. 
 
Figure E-6: Overshoot in the step response caused when the rise time approaches the 
LC resonant frequency 
A resonant frequency of 110 MHz is too low for use in RF type applications and, 
therefore, off-the-shelf passive probes usually include other reference lead 
attachments to reduce this inductance. However, lightning direct effects tests 
consisting of impulse currents such as the D-component waveform of ED-84A [71] 
include very little energy at frequencies greater than 1 MHz.  
A typical laboratory D-component lightning waveform is plotted in Figure E-7. Figure 
E-8 gives the frequency domain representation of this waveform and the cumulative 
energy as a percentage of the total energy. Note that 99% of the total energy appears 
at frequencies less than 50 kHz. Therefore, this oscillation frequency is of little 
concern for voltage measurements in lightning direct effects applications. However, 
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the inductance created by the reference lead is of concern when considering 
inductively coupled interference (ref. section E.1).  
 
Figure E-7: Typical laboratory D-component waveform 
 
 
Figure E-8: Frequency domain representation of current in Figure E-7 (a) and 
cumulative energy as a percentage of total energy (b) 
 
(a) Current in frequency 
domain 
(b) Cumulative energy 
as a ratio of total 
energy 
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Appendix F Theory of the pick-up loop 
Much of the information in this section is more comprehensively detailed in reference 
[73]. It is included in this appendix only for completeness. 
A single turn pick-up loop is illustrated in Figure F-1. The open-ended leads are 
connected to a voltage measuring device. The time-varying magnetic flux density, B, 
passes through both the pick-up loop and the leads that extend to the measuring 
device.  
 
Figure F-1: Pick-up loop that converts a time-varying magnetic field to a voltage 
(reproduced from [73]) 
Faraday’s law in integral form (F-1) can be used to show that the voltage measured 
across the open leads is determined by the time varying magnetic flux density passing 
through the loop (and the leads). 
∮𝑬 ∙ 𝑑𝑳 = −
𝑑
𝑑𝑡
∬𝑩 ∙ 𝑑𝒔 
 
(F-1) 
where, ∫𝑬 ∙ 𝑑𝑳 is the line integral of the electric field, E, along the wires and 
−
𝑑
𝑑𝑡
∬𝑩 ∙ 𝑑𝒔  is the time derivative of the total magnetic flux density, B, passing 
through the surface enclosed by the wires.  
Under the assumption that the resistance of the loop and leads is negligible, the only 
non-zero value of E·dL appears across the open end of the leads. Therefore, 
𝑉 = −
𝑑
𝑑𝑡
∬𝑩 ∙ 𝑑𝒔 (F-2) 
Since the magnetic flux density passes through both the loop and the leads, the 
induced voltage, V is: 
𝑉 = −
𝑑
𝑑𝑡
∬ 𝑩
𝑙𝑜𝑜𝑝
∙ 𝑑𝒔 −
𝑑
𝑑𝑡
∬ 𝑩
𝑙𝑒𝑎𝑑𝑠
∙ 𝑑𝒔 (F-3) 
If the surface area enclosed by the loop is much greater than that enclosed by the 
leads (achieved by twisting the leads), the contribution of the leads is negligible. 
The total flux density integrated over any open surface is referred to as the total flux, 
Φ. Therefore, 
dL
ds
Pickup loop Leads
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𝑉 = −
𝑑𝛷
𝑑𝑡
  (F-4) 
Equation (F-4) is known as Lenz’s law and is used to define inductance: 
𝐿 =
𝛷
𝐼
 (F-5) 
where, 𝐼 is the amplitude of current that generates the magnetic flux.  
L is usually used to represent self-inductance, i.e. when the current I is flowing along 
the loop that is enclosing the total magnetic flux Φ. When the flux through the 
enclosed surface is generated by current flowing in a separate loop, it is usually 
referred to as mutual inductance, M. 
Thus, the voltage measured by a pick-up loop can be written as: 
𝑉 = −𝑀
𝑑𝐼
𝑑𝑡
  (F-6) 
where, I is the current flowing in the external loop and M is the mutual inductance 
between the external loop and the pick-up loop.  
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Appendix G Techniques to derive the resistance and 
inductance of the test sample used in 
Experiment B 
G.1 Use of linear regression to determine an expression for the 
resistance of Experiment B samples and an estimate of the CFRP 
resistance 
G.1.1  Objective 
The voltage was measured between the top and bottom metal electrode in experiment 
B. When ignoring the resistance of the electrode, the resistive network over which the 
voltage is measured consisted of contact resistances at the CFRP-to-electrode 
interfaces and the bulk CFRP resistance through the test sample. The focus of the 
experiment was on the behaviour of the contact resistances and, therefore, the CFRP 
resistance had to be determined and subtracted from the measurement. 
It was found that the relationships of pre-strike resistance vs applied force and 
resistance at peak current vs peak current tended to that of the bulk CFRP resistance. 
Regression of these trends enables an estimate of the bulk CFRP resistance.  
G.1.2  Description of technique used 
Linear regression was performed in Mathworks Matlab® v2016b using the Statistics 
and Machine Learning ToolboxTM. A model specification was defined for each dataset 
that relates the response (e.g. resistance) to predictors (e.g. applied force). The ‘fitlm’ 
function was then used to fit the model to the data using a least-squares algorithm. 
The technique essentially determines the intercept and coefficients of the predictors 
by minimising the sum of the squared errors. The toolbox provides several analysis 
techniques to assess the accuracy of the model. Parameters used to assess the 
models were as follows. 
 Residuals: A residual (residual error) is the error that arises from a predicted 
response of the model and the real observation of the response for a given 
predictor value. A condition of linear regression is that the residuals are normally 
distributed. Plotting the residuals on a histogram or a normal probability plot can 
identify outlying data points that can be excluded from the model to improve 
accuracy 
 RMS error: The square root of the mean of the squared errors. The least squares 
algorithm minimises the sum of the squared errors so the RMS error is a quantity 
that can be used to assess the performance of the algorithm for the fitted model. 
A smaller RMS error indicates better performance.  
 Adjusted R2: R2 (coefficient of determination) is a ratio of the regression sum of 
squared errors to the total sum of squared errors. It indicates the proportion of the 
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total errors that are due to the regression of the response on the predictor 
compared to random error. Thus, a number closer to 1 indicates that a large 
proportion are due to the regression of the response on the predictor and a small 
proportion are due to random error. An R2 value of 1 means that the predictor 
accounts for all the variation in the response. Therefore, a greater R2 indicates 
better performance. Adjusted R2 is R2 adjusted for the number of predictors in the 
model.  
 F-statistic: The F-statistic is the ratio of the mean squared residuals to the mean 
squared error and is used to test the null hypothesis that the coefficient of the 
predictor is equal to zero. A greater F-statistic provides a measure of increased 
performance. 
 P-value: The P-value is the probability that the F-statistic would be as large as 
what was found if the null hypothesis was true. Therefore, a small value (below a 
significance threshold) suggests that it is sufficient to assume a linear relationship 
exists. A smaller P-value provides a measure of increased performance.   
G.1.3  Finding the CFRP resistance by linear regression 
G.1.3.1 Pre-strike resistance vs applied force 
Figure G-1 shows the resistance versus force curve for the baseline length samples 
for Experiment B with varying electrode material.  
 
Figure G-1: Resistance vs force for experiment B baseline sample geometry and 
various electrode materials 
As force increases, the resistance measured from electrode-to-electrode decreases. 
Additionally, as force increases, the change in resistance in comparison with the 
previous data point decreases. The dependency on force is due to the dependency 
of the contact resistance on force at the two interfaces. However, the resistive network 
consists of the two contact resistances plus the bulk CFRP resistance and, therefore, 
the decrease of resistance with force tends to the sample resistance; i.e. as applied 
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force tends to infinity, the contact resistance tends to zero and the measured 
resistance tends to the CFRP resistance.  
The measured resistance, 𝑅𝑇 can be expressed using the CFRP resistance, 𝑅𝐶𝐹𝑅𝑃 
and a term containing the inverse force relationship. Three linear regression models 
were trialled to obtain the most likely relationship between resistance and force. The 
models were: 
𝑅𝑇 = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
√𝐹
 (G-1) 
𝑅𝑇 = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
𝐹
 (G-2) 
𝑅𝑇 = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
𝐹2
 
 
(G-3) 
where, 𝐶 is a coefficient found using linear regression. 
The data for the 105 mm samples using aluminium electrodes was used as the 
training set to create the three models. Figure G-2 shows the output of each of the 
three models when a uniformly spaced array of force values was used as an input to 
the model. Note: the x-axis is the inverse of force. The experimental data is overlaid 
to show which model is most suitable. 
 
Figure G-2: Evaluation of linear regression models of the baseline experimental data 
(points are experimental data points, curves are the predicted outputs from each 
model) 
The data points lie far from the 1 𝐹2⁄  curve, and it can be said with certainty that this 
is not a correct model of the data. The closest match is the 1 𝐹⁄  curve but it could be 
argued that over the range of force values used in the experiment, the data also 
closely matches the 1
√𝐹
⁄  model. However, at large force values, this curve provides 
a negative value for the intercept term which, according to Equation (G-1), provides 
an unrealistic negative value for the CFRP resistance. Table G-1 enables a statistical 
comparison of the model performance. 
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A comparison of the model performance parameters reveals that the 1 𝐹⁄  model has 
the closest match to the 3 kN dataset. The lowest RMS error, greatest R2 and greatest 
F-statistic all indicate better performance of the three models.   
Table G-1: Performance comparison of the resistance vs force models 
 𝟏 𝑭⁄  model 
𝟏
𝑭𝟐⁄
 model 𝟏
√𝑭
⁄  model 
Intercept value 23.07 73.75 -81.38 
Coefficient value 2.004 x 105 1.591 x 108 9411.4 
RMS Error 4.23 11.4 4.59 
Adjusted R2 0.993 0.948 0.992 
F-statistic 1.8 x 103 237 1.53 x 103 
p-value 1.9 x 10-14 2.87 x 10-9 5.07 x 10-14 
The 1 𝐹⁄  model was then adapted by applying regression using this model to the 
complete dataset with a sample length of 105 mm and using the electrode material 
as an additional interaction variable.  
Figure G-3 contains two plots, identical but for the x-axis (left is inverse of force, right 
is force). The figure is the outcome of evaluating the model using a linear spaced 
array of force values and the three electrode types as input to the model. The 
predicted output is plotted as lines coloured according to the electrode type. The 
experimental data is overlaid on each plot.  
 
(a) x-axis = 1 𝐹𝑜𝑟𝑐𝑒⁄  
(b) x-axis = 𝐹𝑜𝑟𝑐𝑒 
Figure G-3: Evaluation of the model after regressing all data points (output of model 
plotted as lines, experimental data overlaid as data points) 
Observation of these plots suggests a good fit of the data for samples with copper 
electrodes and aluminium electrodes. However, the curve (green) for steel electrodes 
does not provide a good fit to the steel electrode experimental data points. 
The steel electrode has greater hardness and resistivity than the other electrodes 
(Table 5-4). For this reason, classical contact resistance theory would suggest that 
the contact resistance of the samples with steel electrodes should be greatest. This 
is the case for data points with force greater than 1.5 kN. Thus, it was hypothesised 
that measurements of the harder electrode were more susceptible to error at the 
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lowest forces. Therefore, a second regression model was developed by excluding the 
first three steel electrode data points. Figure G-4 includes the same evaluation plots 
after excluding the three data points.   
 
(a) x-axis = 1 𝐹𝑜𝑟𝑐𝑒⁄  
(b) x-axis = 𝐹𝑜𝑟𝑐𝑒 
Figure G-4: Evaluation of the model after regressing all data points except for the 
three lowest forces of the steel data (output of model plotted as lines, experimental 
data overlaid as data points) 
A comparison of Figure G-3 and Figure G-4 reveals that there is very little difference 
in the path of the aluminium electrode and copper electrode curves but the steel 
electrode curve is a much better fit of the data at force values greater than 1.5 kN. 
Figure G-5 examines the residuals after the second iteration. The residual value is 
calculated by subtracting the outcome of the model from the resistance value of an 
experimental data point. The plot to the left of the figure is a histogram of the residuals. 
The plot to the right is a normal probability plot of the residuals. The plots identify if 
the errors in the model are normally distributed which is a condition of linear 
regression. 
 
(a) Histogram of residuals (b) Normal probability plot of residuals 
Figure G-5: Histogram of residuals (a) and normal probability plot of residuals (b) 
after 2nd iteration 
Figure G-5 shows that the residuals are not normally distributed. The histogram is 
‘heavy-tailed’ with too many extreme positive residuals. The normal probability plot 
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shows that most samples closely follow the theoretical linear relationship between the 
percentiles of the normal distribution and the observed values. However, there are 
two outliers that are far from this relationship. The third iteration of the model excluded 
these two data points which were the 2.5 kN measurement of the sample 1 aluminium 
electrode data and the 1.5 kN measurement of the copper electrode data. These 
points can be seen to lie furthest from the fitting curves in Figure G-4. 
The evaluation of the third iteration is shown in Figure G-6. However, it is difficult to 
notice a difference between this figure and Figure G-4. However, Figure G-7 shows 
that the residuals are normally distributed after removing the two outliers. 
 
(a) x-axis = 1 𝐹𝑜𝑟𝑐𝑒⁄  
(b) x-axis = 𝐹𝑜𝑟𝑐𝑒 
Figure G-6: Evaluation of the model after removing two additional outliers (output of 
model plotted as lines, experimental data overlaid as data points) 
 
(a) Histogram of residuals (b) Normal probability plot of residuals 
Figure G-7: Histogram of residuals (a) and normal probability plot of residuals (b) 
after 3rd iteration 
The final model after the third iteration was: 
𝑅𝑇 = 𝑅𝐶𝐹𝑅𝑃 +
𝑘𝐴𝑙𝑢
𝐹
+
𝑘𝑠𝑡𝑒𝑒𝑙
𝐹
+
𝑘𝑐𝑜𝑝𝑝𝑒𝑟
𝐹
 (G-4) 
where 𝑘𝐴𝑙𝑢,  𝑘𝑠𝑡𝑒𝑒𝑙 and 𝑘𝑐𝑜𝑝𝑝𝑒𝑟 are the coefficients of 
1
𝐹⁄  for aluminium electrodes, 
steel electrodes and copper electrodes respectively, 𝑅𝐶𝐹𝑅𝑃 is the intercept value 
equivalent to the CFRP resistance and 𝐹 is the applied force.  
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The coefficient values were 𝑘𝐴𝑙𝑢 = 1.984 × 10
5 , 𝑘𝑠𝑡𝑒𝑒𝑙 = 40.08 × 10
3 and 𝑘𝑐𝑜𝑝𝑝𝑒𝑟 =
−54.32 × 103. The intercept value was found at 23.68 mΩ. The model can be 
simplified to:  
𝑅𝑇 = 𝑅𝐶𝐹𝑅𝑃 +
𝑘𝑒
𝐹
 (G-5) 
where, 𝑅𝐶𝐹𝑅𝑃 = 23.68 mΩ and 𝑘𝑒 is a coefficient depending on the electrode material; 
i.e. aluminium = 1.98 x 105 mΩ⋅N, steel = 2.39 x105 mΩ⋅N, copper = 1.44 x 105 mΩ⋅N. 
Therefore, the CFRP resistance found by analysing the pre-strike resistance vs 
applied force data is 23.7 mΩ. 
G.1.3.2 Resistance at the time of peak current vs peak current 
Figure G-8 is a plot of the resistance measured at the time of peak current vs the 
nominal peak current. The points are coloured according to the applied force.    
 
Figure G-8: Resistance at the time of peak current vs nominal peak current 
(legend = nominal force) 
The resistance is again a sum of the CFRP resistance and the contact resistance at 
the two interfaces. As the nominal peak current tends to infinity, the contact resistance 
at the time of peak current tends to zero and the measured resistance at peak current 
tends to the CFRP resistance. Therefore, the same process of linear regression can 
be used to estimate the CFRP resistance. 
The measured resistance at the time of peak current, 𝑅𝑇(𝑡𝐼𝑃) can be expressed using 
the CFRP resistance, 𝑅𝐶𝐹𝑅𝑃 and a term containing the inverse relationship with 
current. It was shown in Chapter 5 that the peak current is directly proportional to the 
square root of the action integral (𝐴𝐼). Four linear regression models were trialled to 
obtain the most likely relationship between resistance at the instant of peak current 
and the action integral when first using a single force value of 3 kN.  
𝑅𝑇(𝑡𝐼𝑃) = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
√𝐴𝐼
 (G-6) 
𝑅𝑇(𝑡𝐼𝑃) = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
𝐴𝐼
 (G-7) 
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𝑅𝑇(𝑡𝐼𝑃) = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
𝐴𝐼2
 (G-8) 
𝑅𝑇(𝑡𝐼𝑃) = 𝑅𝐶𝐹𝑅𝑃 +
𝐶
𝐴𝐼0.25
 (G-9) 
where, 𝐶 is a coefficient found using linear regression. 
Figure G-9 shows the output of each of the four models (lines) when a uniformly 
spaced array of action integral values was used as an input to the model. The 3 kN 
experimental data is overlaid.  
 
Figure G-9: Evaluation of three linear regression models (lines) against the 3 kN 
experimental data 
Close inspection of Figure G-9 reveals that the 1
√𝐴𝐼
⁄  model output has good 
agreement with the experimental data. This is reinforced by analysis of the model 
statistics in Table G-2. The model is favourable on all used criteria: RMS error, 
adjusted R2, F-statistic and p-value.   
Table G-2: Performance comparison of the resistance at peak current vs action 
integral models 
 𝟏 𝑨𝒊⁄  model 
𝟏
𝑨𝒊𝟐⁄
 model 𝟏
√𝑨𝒊
⁄  model 𝟏 𝑨𝑰𝟎.𝟐𝟓⁄
 model 
Intercept value 29.34 31.48 24.35 12.16 
Coefficient 
value 
9885.7 5.595 x 106 487.24 160.74 
RMS Error 1.37 2.02 0.612 0.921 
Adjusted R2 0.956 0.893 0.987 0.978 
F-statistic 173 75.8 587 395 
p-value 1.07 x 10-6 2.37 x 10-5 5.19 x 10-8 4.29 x 10-8 
The 1
√𝐴𝐼
⁄  model was then extended to include the additional variable of force. Since, 
it has been observed that the pre-strike resistance decreases with increasing force, it 
was assumed that the resistance at peak current shares the same relationship with 
force. Therefore, 1 𝐹⁄  was included as an additional variable in the model.  
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Figure G-10 inspects the residuals of the model in the same manner as that used in 
the pre-strike resistance vs force model. The figure shows that the residuals follow a 
normal distribution. However, the model can be improved by removing the outliers.  
 
(a) Histogram of residuals (b) Normal probability plot of residuals 
Figure G-10: Histogram of residuals (a) and normal probability plot of residuals (b) 
utilising all data points 
The residuals were filtered to find outliers with values greater than 1.2 or less 
than -1.2. Seven outliers were found and excluded from the model. The 
corresponding histogram of residuals and normal probability plot of residuals are 
shown in Figure G-11.  
 
(a) Histogram of residuals (b) Normal probability plot of residuals 
Figure G-11: Histogram of residuals (a) and normal probability plot of residuals (b) 
following removal of outliers 
Figure G-12 evaluated this model using a linearly spaced array of action integral 
values and force values. The solid lines are the output of the model, and the 
experimental data is overlaid using the same colour to show how closely the model 
reflects the experimental data.  
The final model found by linear regression for the resistance at the time of peak 
current was: 
𝑅𝑇(𝑡𝐼𝑃) = 23.34 +
498.13
√𝐴𝐼
+
143.47
𝐹√𝐴𝐼
 (G-10) 
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(a) x-axis = 1 𝐴𝑐𝑡𝑖𝑜𝑛 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙⁄  
(b) x-axis = 𝐴𝑐𝑡𝑖𝑜𝑛 𝐼𝑛𝑡𝑒𝑟𝑔𝑟𝑎𝑙 
Figure G-12: Evaluation of the model after removing outliers (output of model plotted 
as lines, experimental data overlaid as data points) 
The expression can be simplified to: 
𝑅𝑇(𝑡𝐼𝑃) = 𝑅𝐶𝐹𝑅𝑃 +
𝐶1
√𝐴𝐼
(
1
𝐹
+ 𝐶2) (G-11) 
where, 𝑅𝐶𝐹𝑅𝑃 is the CFRP resistance = 23.34 mΩ, 𝐶1 = 143.5 and 𝐶2 = 3.47. 
Therefore, the CFRP resistance found by analysing the resistance at the time of 
peak current vs the nominal peak current data was 23.3 mΩ. 
Figure G-13 shows the resistance measured at the time of peak current versus the 
outcome of Equation (G-11). The black line through the data points is x = y.   
 
Figure G-13: Actual (measured) vs predicted resistance at the time of peak current 
The markers are reasonably close to the x = y, line suggesting that the model provides 
a reasonable approximation of the data.   
G.2 Determining the inductance of the Experiment B test sample and 
the magnitude of the reactive component of the voltage measurement 
One of the objectives in Experiment B was to extract the dynamic trend of the contact 
resistance at both interfaces from the measurements of current and voltage. The 
voltage was measured between the two electrodes and, hence, the impedance 
comprised a series of the two interface contact resistances, the bulk CFRP resistance 
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and the partial inductance of the current path. Figure G-14 shows a simple circuit 
schematic of the test arrangement with corresponding expression for the measured 
voltage, V(t). 
 
Figure G-14: Circuit schematic diagram of the experiment B test arrangement with 
corresponding expression for the measured voltage 
Determining the dynamic variation of the contact resistance first required 
determination of the voltage drop across the contacts; i.e. subtracting the voltage 
across 𝑅𝐶𝐹𝑅𝑃 and 𝐿𝑆 from the measured voltage. This led to the need to characterise 
𝑅𝐶𝐹𝑅𝑃 and 𝐿𝑆. An estimate for 𝑅𝐶𝐹𝑅𝑃 was discussed in the previous section.  
𝐿𝑆 was determined by performing the same high current test as in Experiment B but 
the CFRP sample was replaced by an aluminium sample of equivalent geometry. 
Equivalent geometry meant that the current path was approximately the same and, 
hence, the inductance of the aluminium sample was the same as that of the CFRP 
sample. The resistance of the aluminium sample (𝑅𝐴𝑙𝑢) can be found by: 
𝑅𝐴𝐿𝑢 =
𝜌𝐿
𝐴
 (G-12) 
where, 𝜌 is the electrical resistivity of Aluminium 6082 (~0.038 μΩ·m), 𝐿 is the length 
of the sample (105 mm), 𝐴 is the cross-sectional area of the sample (35 mm x 8.5 mm) 
and thus, 𝑅𝐴𝑙𝑢~ 13.4 μΩ.  
The resistance of the aluminium sample is over 1000 times less than the CFRP 
sample and, therefore, setting a very high contact force, which minimises the contact 
resistance, resulted in the voltage measurement being dominated by the reactive 
component.  
The procedure for estimating the inductance was as follows: 
i. Filter the current and voltage measurements with a 100-order low pass filter with 
cut-off frequency at 1 MHz 
ii. Using the filtered current signal, calculate the rate of change of current (𝑑𝐼 𝑑𝑡⁄ ) 
iii. Plot the rate of change of current and the measured voltage on the same figure 
V(t) = measured voltage 
R
C1
 = contact resistance of interface 1 
R
C2
 = contact resistance of interface 2 
R
CFRP
 = bulk CFRP material resistance of 
coupon 
L
S
 = inductance of the test sample 
i(t) = injection current 
𝑉(𝑡) = (𝑅𝐶1 + 𝑅𝐶2 + 𝑅𝐶𝐹𝑅𝑃)𝑖(𝑡) + 𝐿𝑆
𝑑𝐼(𝑡)
𝑑𝑡
 
RC2
LS
RCFRP
RC1
V(t)
I(t)
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iv. Scale the rate of change of current by a constant coefficient (𝐿) until the peak 
voltage of the curves align 
v. Add a resistive component (𝑅𝐼(𝑡)) to the reactive voltage approximation to 
improve the fit 
vi. When aligned, the final value of the coefficient of 𝑑𝐼 𝑑𝑡⁄  is the estimate of the 
inductance 
In Figure G-15, the black curve is the measured voltage across the aluminium sample, 
the blue curve is the outcome of step (iv) where the value of the coefficient is 
2.6 x 10-9, the red curve is the outcome of step (v), where the value of resistance is 
60 μΩ. 
 
Figure G-15: Plot of voltage measured across aluminium sample with analytical 
approximations of the reactive voltage and total voltage 
Adjusting the value of resistance to improve the fit between the blue and black curves 
was an iterative process starting at the calculated value of the aluminium resistance 
(13.4 μΩ). This value does not provide an immediate fit because there is inevitably 
some contact resistance between the aluminium sample and the aluminium 
electrodes. Adding the resistive contribution provides a reasonable match to the 
measured voltage with some small discrepancy. Thus, 2.6 nH is a reasonable 
approximation of the inductance.  
Figure G-16(a) shows a measured 15 kA current waveform from the high current 
CFRP tests. This waveform has been filtered according to procedure step (i), and the 
rate of change of current (red curve) is overlaid. Figure G-16(b) is a simulated reactive 
voltage calculated by multiplying the rate of change of current by the 2.6 nH 
inductance. 
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(a) Current (primary y-axis), 
𝑑𝐼
𝑑𝑡
 (secondary 
y-axis) 
(b) 2.6 𝑛𝐻 ×
𝑑𝐼
𝑑𝑡
 
Figure G-16: Measured 15 kA current waveform with corresponding 𝒅𝑰 𝒅𝒕⁄  (a) and 
calculated reactive voltage (b) for the same waveform assuming L = 2.6 nH 
The maximum reactive voltage of the 15 kA strike is only 7.3 V. For the same strike, 
the measured voltage is plotted in Figure G-17, and the reactive voltage is shown for 
comparison. A hypothetical resistive component is also plotted on this figure, 
calculated by subtracting the reactive component from the measured voltage.  
 
Figure G-17: Plot of measured voltage of the same 15 kA strike into a CFRP sample 
with resistive and reactive components assuming L = 2.6nH 
The difference between the measured voltage and the resistive component is 
insignificant. Therefore, the small inductance of the test arrangement has negligible 
influence on the measured voltage.
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Appendix H Further evidence of an energy threshold related to a sudden rise in light intensity observed 
in Experiment B 
H.1 Strikes at 15 kA  
 
Figure H-1: Cumulative energy absorbed by contacts (top) and photodiode response (bottom) for six samples with energy threshold marker 
positioned at 22 J (top three samples = 15 kA, 1 kN; bottom three samples = 15 kA, 2 kN) 
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Figure H-2: Cumulative energy absorbed by contacts (top) and photodiode response (bottom) for six samples with energy threshold marker 
positioned at 22 J (top three samples = 15 kA, 3 kN; bottom three samples = 15 kA, 4 kN) 
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H.2 Strikes at 10 kA 
 
Figure H-3: Cumulative energy absorbed by contacts (top) and photodiode response (bottom) for six samples with energy threshold marker 
positioned at 22 J (top three samples = 10 kA, 1 kN; bottom three samples = 10 kA, 2 kN)24 
                                               
24 The strikes in the red boxes have a different location of the photodiode lens to all other strikes. For these samples, the lens was aimed at the bottom interface 
at the front of the test sample instead of the bottom interface at the back of the test sample. This could affect the timing of the light intensity. when comparing 
the samples boxed in red to all other samples. 
H-17 
 
 
Figure H-4: Cumulative energy absorbed by contacts (top) and photodiode response (bottom) for six samples with energy threshold marker 
positioned at 22 J (top three samples = 10 kA, 3 kN; bottom three samples = 10 kA, 4 kN)25 
                                               
25 The strikes in the red boxes have a different location of the photodiode lens to all other strikes. For these samples, the lens was aimed at the bottom interface 
at the front of the test sample instead of the bottom interface at the back of the test sample. This could affect the timing of the light intensity. when comparing 
the samples boxed in red to all other samples. 
